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guage, without the consent of the Editorial Board. 

Contributors who reside outside Great Britain 
are requested to nominate somebody in Great 
Britain who is willing to correct the proofs of their 
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prints required. 
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tributors’ names should appear as initials (but 
female authors may use one given name in full) and 
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performed should be given. Any necessary descrip- 
tive material regarding the author, e.g. Beit 
Memorial Fellow, or details of financial support, 
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preferably, in the Acknowledgements at the end 
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Typescripts should carry an indication of the 
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Form of Papers Submitted for Publication. 
The onus of preparing a paper in a form suitable 
for sending to press lies in the first place with the 
author. Authors should consult a current issue 
in order to make themselves familiar with the 
practice of the Biochemical Journal concerning typo- 
graphical conventions, use of cross-headings, lay- 
out of tables, citation of references, etc. The need 
for editorial revision of badly prepared typescripts 
will lead to delay in publication for which the 
Editors cannot accept responsibility. Papers on 
specialized subjects should be presented so that they 
are intelligible to the ordinary reader of the Journal. 
Sufficient information should be included to permit 
repetition of the experimental work. 

Papers intended for publication should be in 
double-spaced typing on sheets of uniform size with 
wide margins. Top copies only should be submitted. 
The paper should be written in English. 

Generally speaking, papers should be divided 
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methods: with chemical papers the experimental 
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figures are often the best form, but the use of both 
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mitted; illustrative protocols only should be in- 
cluded; (d) Discussion: it is desirable that the 
presentation of the results and the discussion of 
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(e) Summary: a summary, about 3% of the length 
of paper, should be included; the paragraphs of the 
summary, should be numbered; (f) Acknowledge- 
ments; (g) References. 

The Biochemical Journal uses as a standard for 
spelling the Concise Oxford Dictionary of Current 
English (1951, Oxford: Clarendon Press). 

In the Introduction, Results, Discussion and 
Summary sections of papers the use of abbreviations 
should be very sparing. Thus, abbreviations for 
units are to be used, but not contractions such as 
‘soln.’ or ‘recryst.’ or chemical symbols as abbrevia- 
tions for elements, groups or compounds, unless 
this use is justified by special circumstances. 
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approximately twice the size of the finished block, 
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flat; they should bear the author’s name and the 
title of the paper on the back. Diagrams should 
be in indian ink and should be drawn on plain 
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of the experimentally determined points. Letters, 
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ingly. Figures should be comprehensible without 
reference to the text. 

Diagrams which do not conform with the above 
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and the expense charged to the author. 

Lines in line drawings should be sufficiently thick 
to stand reduction by the Press, which is usually 
to one-half or one-third. The pamphlet issued by 
the Royal Society (1950), General Notes on the 
Preparation of Scientific Papers, gives specimen 
figures. 


Tables. Tables should carry headings describing 
their content and should be comprehensible without 
reference to the text. The units in which the results 
are expressed, e.g. g./100 ml., should be given at 
the top of each column, and not repeated on each 
line of the table. 

The following, from The Presentation of Papers 
for the Journal of the Chemical Society, 1952, may 
be noted: ‘Care is needed for statement of powers 
in column headings. An entry “2” in a column 
headed “10%”? means that the observed value was 
0-002. If the heading reads ‘‘10-*k”’, then the 
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Tables should be typed on separate sheets and 
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The Reaction Between Wool and Phenyl isoCyanate 


By A. J. FARNWORTH 
Textile Research and Testing Department, Gordon Institute of Technology, Geelong, Victoria, Australia 


(Received 21 August 1954) 


During some studies on the reactivity of the cystine 
linkages in wool, it was necessary to find methods 
for blocking the various polar side chains with 
minimum degradation of the fibre as a whole, and 
without introducing any coloration due to the 
reagent used. Various workers have found that the 
amino groups of proteins react readily with iso- 
cyanates in aqueous solution at pH8 and 0° 
(Hopkins & Wormall, 1933, 1934a,b; Miller & 
Stanley, 1941). There have also been claims that 
isocyanates react with thiol and tyrosine hydroxyl 
groups (Fraenkel-Conrat, 1944; Miller & Stanley, 
1941). This appeared to be an excellent method for 
the required purpose, although it was realized that 
reaction with wool would be more difficult than with 
the soluble proteins as penetration of the insoluble 
fibrous protein by the reagent would have to be 
accomplished. 

Fraenkel-Conrat, Cooper & Olcott (1945) found 
that «isocyanates reacted with proteins under 
anhydrous conditions at elevated temperatures. 
Besides reaction with the amino, thiol and phenolic 
groups, reaction with carboxylic, amide, guanidino 
and glyoxaline groups occurred. 

The changes produced by reaction in aqueous 
media and under anhydrous conditions were of 
interest for the particular studies involved, so 
attempts were made to bring about reaction of wool 
with phenyl isocyanate under both sets of conditions. 
Very little success was achieved when using aqueous 
media, but by varying the conditions used by 
Fraenkel-Conrat et al. (1945), it has been found 
possible to obtain maximum reaction with wool, up 
to 44% of its weight of phenyl isocyanate being 
combined. The reaction has also been carried out on 
wools modified in various ways. 


MATERIALS 


The wool used was a 64’s quality Merino wool from which 
the tip ends had been removed. The root ends were purified 
by extraction with ether followed by a large number of 
changes of distilled water. They were then allowed to condi- 
tion at 65% relative humidity and 21°. For the experiments 
on load/extension characteristics the root ends of human 
hair fibres, purified as above, were used. Each fibre was 
examined microscopically before use to ascertain its free- 
dom from medullation. 
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METHODS 


Reaction in aqueous media. Treatment was carried out in 
0-2m-Na,HPO,-KH,PO, mixtures at pH 8. To reduce the 
rate of hydrolysis of the phenyl isocyanate, the reaction 
medium was cooled in ice to 0-5°. Agitation was effected by 
passing a stream of nitrogen through the reaction vessel. 
This was necessary because of the insolubility of the reagent 
in water. In some cases dioxan was added to the reaction 
medium and the isocyanate added in solution in dioxan. 
When using this technique, intermittent manual shaking 
was used. In general, the isocyanate was added over a 
period of some hours, 0-5-1-0 ml. being used for each g. of 
wool. When using single fibres, not more than 0-5 ml. 
reagent was used. 

In all cases, aftertreatment consisted of rinsing the wool 
in ether, ethanol and water. The ether and ethanol served to 
free the wool from unchanged isocyanate and also NN’- 
diphenylurea which was invariably formed owing to hydro- 
lysis of the isocyanate followed by reaction of the amine 
thus produced with another molecule of the isocyanate. 

Reaction in anhydrous media. The procedure adopted was, 
in general, that used by Fraenkel-Conrat et al. (1945). The 
wool was dried for 4 hr. at 105° and then for at least 24 hr. 
over P,O,; in vacuo. A solution of the isocyanate in pyridine, 
which had been dried over BaO, was added and reaction 
allowed to proceed. Reaction was terminated by the 
addition of water, which caused the formation of a copious 
precipitate of diphenylurea. This was removed from the 
wool by rinsing in ethanol followed by extraction with ether 
in a Soxhlet apparatus. After thorough rinsing in water, the 
wool was allowed to condition at 65% relative humidity 
and 21°. 

Methylation. Wool was subjected to nine successive 
treatments with dimethyl sulphate at room temp., each 
treatment being for 2hr. 20 ml. of 0-2m phosphate (as 
above; initially at pH 6-5) and 0-2 ml. dimethyl sulphate 
were used for each g. of wool. After treatment, the wool was 
rinsed thoroughly in water and then allowed to condition. 

Acetylation. Wool was boiled in acetic anhydride under 
reflux for 30 min. followed by prolonged rinsing with water 
to remove excess reagent. It was then allowed to condition. 

Deamination. Two successive treatments with sodium 
nitrite and dilute acetic acid (Van Slyke’s reagent) were 
given, using the conditions of Speakman & Stott (1934). 
The wool was then allowed to condition. 

Reduction with mercaptoacetic acid. Wool was reduced by 
treatment at 35° for 18 hr. with 50 times its weight of 0-5m 
mercaptoacetic acid brought to pH 48 with NaOH 
(Patterson, Geiger, Mizell & Harris, 1941). The wool was 
then rinsed in water, ethanol and finally water, after which 
it was allowed to condition. 
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Acid-combining capacity. Wool was immersed in 0-001 n- 
HCl for 24 hr. followed by successive rinsings with distilled 
water until the washings showed a pH of 5-2. It was then 
allowed to condition. Approx. 1 g. of wool so rinsed was 
immersed in 100 ml. of 0-1 N-HCl and allowéd to stand at 21° 
for 3 days, with periodical shaking. Portions of supernatant 
(25 ml.) were then withdrawn by pipette and titrated with 
0-1N-NaOH. From the titres obtained the amount of acid 
combined was calculated and expressed as ml. of n-HCl 
combined/100 g. of dry wool. 

Other methods. Load/extension curves and the work to 
stretch 30% were obtained according to the technique of 
Speakman (1947). Total nitrogen was determined by a 
micro-Kjeldahl procedure; thiol and disulphide S were 
estimated by the method of Shinohara (1935a, b, c) using 
a Spekker absorptiometer. 


RESULTS 
Treatment of wool with phenyl isocyanate 
in aqueous media 


Various unsuccessful attempts were made to bring 
about reaction of wool with phenyl isocyanate in 
aqueous media at pH 8, using a wide variety of 
conditions. In order to minimize hydrolysis of the 
reagent, temperatures in the vicinity of 0° were 
necessary. 

To detect small changes in the free amino-N 
content, much of the work was carried out on single 
fibres, using load/extension curves in distilled water 
and in 0-1N-HCl as a criterion of reaction, according 
to the technique of Speakman (1947). In the later 
work, dioxan was added to render the reagent 
soluble in the reaction medium (Creech & Jones, 
1940, 1941a, b). 

The results from this work were quite disappoint- 
ing, as in only one instance was there any indication 
of reaction having occurred, and it was doubtful 
whether any real significance could be attached to 
the very small changes involved. This approach was 
therefore abandoned. 


Treatment of wool with phenyl isocyanate 
in anhydrous media 


Fraenkel-Conrat et al. (1945) successfully reacted 
dried cattle-hoof keratin with phenyl isocyanate 
dissolved in anhydrous pyridine, the treated pro- 
tein containing only 15% of the number of acidic 
groups originally present, and only 11-5% of the 
basic groups. Treatment was for 2 days at 60°. As 
previous work suggested that pyridine under these 
conditions might cause some fibre degradation, 
initial experiments were carried out at 50° on dried 
wool, the reaction period being extended to 4 days. 
The extent to which reaction occurred was very 
slight, the acid-combining capacity being decreased 
from 79-9 to 76-5 ml. of N-HCl combined/100 g. dry 
wool. Speakman (1930) has shown that the interior 
of dry wool fibres is inaccessible to substances 
whose molecular size is greater than that of 
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n-propanol. In an attempt to increase the accessi- 
bility, wool was swollen in 98 % formic acid and the 
acid then washed out with anhydrous pyridine, the 
latter replacing the former within the fibre, leaving 
it somewhat swollen. Experiments showed that, 
for a fibre with mean diam. 29-4 p. in air, the mean 
diam. in formic acid was 41-4 yp. and after successive 
rinsings in pyridine it reached a steady value of 
36-0 yw. 1 g. of wool was immersed, therefore, in 5 ml. 
formic acid, rinsed 5 times with separate portions of 
anhydrous pyridine and treated with 2 ml. phenyl 
isocyanate in 10 ml. anhydrous pyridine for 72 hr. 
at 70°. After treatment, reaction was terminated 
and the wool purified in the manner indicated under 
Methods. Table 1 shows the values for weight in- 
crease, nitrogen content and acid-combining cap- 
acity. Obviously reaction had occurred to a con- 
siderable extent. Subsequent work showed that the 
preliminary swelling of the fibre was unnecessary 
when treatment was carried out at 70°, reaction 
occurring equally well with unswollen anhydrous 
wool. Conditions were varied to find those which 
gave maximum reaction. Table 2 summarizes the 
values for weight increase, nitrogen content and 
acid-combining capacity for wools treated under 
various conditions. 

These results show that dry wool is capable of 
reacting to a considerable extent with phenyl ‘so- 
cyanate dissolved in anhydrous pyridine, the 
number of acid-binding groups being decreased to 
as low as 6 % of their original value (Table 1). The 
solution/wool ratio was increased to 20 in series 2 
because 10 ml. of solution was only just sufficient to 
cover 1g. wool and slight losses of pyridine by 
evaporation tended to leave the upper portion of 
the wool uncovered. Despite the fact that the con- 
centration of reagent with respect to the solution is 
thus halved, 2 ml. reagent/g. of wool is still sufficient 
to give maximum reaction. 

As seen in Table 2, series 3, the use of still higher 
temperatures leads to much more rapid reaction, 
the greatest increase in weight occurring in 2-3 hr. 
However, the maximum extent to which reaction 
occurs is somewhat less than that from prolonged 
treatment at a lower temperature. Furthermore, 
when the time of treatment at 97° is increased 
beyond 3 hr., the weight increase becomes progres- 
sively smaller. 


Table 1. Effect of treatment of pre-swollen wool with 
phenyl isocyanaie under anhydrous conditions on 
the weight, acid-combining capacity and nitrogen. 
content 


Untreated Treated 
Weight increase (% —— 39 
Acid-combining capacity (ml. 84-3 5-1 
N-HC1/100 g. original dry wool) 
Total N (% of original 13-8 19-4 


conditioned wt. of wool) 
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Table 2. Effect of treatment of dry wool with phenyl isocyanate under anhydrous conditions on the weight, 


acid-combining capacity and total-N content 





Total N Acid-combin- 

Reaction conditions as % of ing capacity 

— — conditioned (ml. n-HCl/ 

Phenyl Weight wt. of 100 g. of 
Pyridine isocyanate Time Temp. increase original original 
Series (ml./g. wool) (ml./g. wool)  (hr.) (°) (%) wool dry wool) 

Untreated — --- _ _- ~- 13-8 84-3 
(1) Varying time of treatment. 8 2 24 70 18 15-9 47-5 
Solution/wool ratio, 10 (v/w) 8 2 48 70 32 17-7 43-8 
8 2 73 70 42 19-9 23-8 
8 2 97 70 44 19-5 16-1 
(2) Varying concentration of 19-5 0-5 72 70 9 15-5 66-0 
isocyanate. Solution/wool 19-0 1-0 72 70 21 17-6 53-6 
ratio, 20 (v/w) 18-0 2-0 72 70 39 19-7 27-4 
16-0 4-0 72 70 32 18-3 19-9 
(3) Varying time at elevated 18-0 2-0 0-5 97 8 14-9 74-9 
temperature; treatment carried 18-0 2-0 1 97 10 15-0 57-4 
out in boiling-water bath. 18-0 2-0 2 97 30 17-8 43-3 
Solution/wool ratio, 20 (v/w) 18-0 2-0 3 97 30 17-8 33-9 
18-0 2-0 4-5 97 26 —_— 21-5 
18-0 2-0 7 97 20 — 30-7 
18-0 2-0 24 97 15 —_ 23°8 


When boiling solutions of isocyanate in pyridine 
are used, there is evidence of reaction occurring in 
5-10 min., but after 30 min. marked degradation of 
the wool was obvious, its colour becoming brownish 
and its handle very harsh. 

It was concluded that for the reaction between 
dry wool and phenyl isocyanate in anhydrous 
pyridine, maximum reaction with minimum de- 
gradation is obtained by using longer times of 
treatment at lower temperatures. In all subsequent 
work, therefore, treatment was carried out at 70° for 
72 hr. 

Treatment of modified wools 


In an attempt to obtain an indication of the 
degree to which different groups participate in the 
reaction, wool was modified in various ways and 
then treated with phenyl isocyanate under condi- 
tions found to give maximum reaction. 

Methylation of wool with dimethyl sulphate at 
pH 6-7 leads to esterification of the carboxyl 
groups, some N-methylation and also some O- 
methylation of enolized peptide groups (Blackburn, 
Carter & Phillips, 1941). 

Acetylation of proteins has been performed with 
ketene and with acetic anhydride, although use of 
the latter has been restricted largely to insulin. In 
the case of wool, acetylation will decrease the 
combining capacity for acid dyes. For this purpose 
the reaction is carried out by heating wool for 
4 hr. at 60° in a mixture of acetic anhydride, acetic 
acid, sulphuric acid and pyridine (Munz & Haynn, 
1922). Acetylation has been found to decrease in 
number the free amino groups and also phenolic 
groups of proteins. Lindley & Phillips (1947) 
acetylated wool in boiling acetic anhydride for 


30 min. and suggested that this treatment modified 
groups other than the free amino groups. It was 
expected, therefore, that acetylation under these 
conditions would modify the reactivity of wool 
towards phenyl isocyanate. 

Deamination of wool with nitrous acid has been 
investigated by Speakman & Stott (1934). Reaction 
occurs mainly with free amino groups, although 
there is some evidence for oxidation of cystine 
(Schmidt, 1929; Lough & Lewis, 1934; Cockburn, 
Drucker & Lindley, 1948). Cockburn eé al. (1948) 
found that the amino nitrogen was substantially 
diminished in the first deamination; subsequent 
deaminations produced very little additional 
change. 

Reduction of wool with mercaptoacetic acid can 
be carried out under a variety of conditions 
(Patterson et al. 1941). Those chosen for the present 
work converted some 65% of the disulphide- 
sulphur into thiol-sulphur. It was hoped that 
treatment of this wool with phenyl isocyanate 
would indicate whether reaction with thiol groups 
would occur under these conditions. 

After wools had been modified in these various 
ways, they were treated with phenyl isocyanate 
(2 ml./g. wool) in anhydrous pyridine (18 ml./g. 
wool) at 70° for 72 hr. For purposes of comparison, 
parallel experiments were run with pyridine only, 
omitting the reagent. Table 3 shows the results 
obtained. 


Properties of wool treated with phenyl isocyanate 
under anhydrous conditions 
Whilst the properties of phenyl zsocyanate- 
treated wool have not been investigated to any 
great extent, it is remarkable for its lack of chemical 
34-2 








Weight 

increase 

Treatments (%) 
1. Untreated 33 
Untreated, then pyridine -1 
Untreated, then pyridine—phenyl isocyanate 39 


2. Methylated —_ 
Methylated, then pyridine - 
Methylated, then pyridine—phenyl isocyanate 35 

3. Acetylated = 
Acetylated, then pyridine -1 
Acetylated, then pyridine—pheny] isocyanate 2 


4. Deaminated -- 


Deaminated, then pyridine -2 
Deaminated, then pyridine—phenyl isocyanate 30 
5. Reduced — 
Reduced, then pyridine -1 
Reduced, then pyridine-phenyl isocyanate 32 


reactivity, being resistant to attack by acids, 
alkalis and reducing agents. The following examples 
serve to illustrate the behaviour of treated wool: 

(i) Untreated wool, when boiled in Nn hydro- 
chloric acid (50 ml./g.), rinsed and dried, showed 
a loss in weight of 3 % after 15 min. and 28 % after 
60 min. Phenyl zsocyanate-treated wool under the 
same conditions showed a loss in weight of only 2% 
after 60 min. 

(ii) Untreated wool, when digested with 0-1N 
sodium hydroxide (50 ml./g.) at 50°, rinsed and 
dried, showed a loss in weight of 5 % after 30 min., 
7% after 60 min. and 11% after 180 min. Phenyl 
isocyanate-treated wool under the same conditions 
showed no loss in weight after 180 min. 

(iii) When untreated wool was boiled in a 30% 
(w/v) solution of sodium bisulphite (100 ml./g.) for 
30 min., the disulphide-sulphur content was de- 
creased from 2-74 to 0-23%. Phenyl zsocyanate- 
treated wool under similar conditions showed a 
decrease in disulphide-sulphur from 2-69 to 2-22 %. 


DISCUSSION 


The preceding results show that, under anhydrous 
conditions, reaction between wool and phenyl iso- 
cyanate occurs to a considerable extent. 

It can be calculated that, if all the free amino 
groups in wool react with phenyl tsocyanate, the 
increase in weight would be of the order of 10 %. The 
fact that weight increases considerably in excess of 
this value are obtained is in agreement with the 
view of Fraenkel-Conrat et al. (1945) that, under 
these anhydrous conditions, a wide variety of the 
side-chain groups of proteins undergo reaction. 
Using the figures of Simmonds (1954) for the com- 
position of 64’s Merino wool, it is found that, if 
every side chain with a possibility of reacting with 
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Table 3. Reactivity of modified wools towards phenyl isocyanate under anhydrous conditions 


Total N | Acid- 

(% of combining Thiol § Disulphide S 
conditioned capacity (ml. (% of dry (% of dry 
wt. of n-HC1/100 g. wt. of wt. of 
original original original original 
wool) dry wool) wool) wool) 
13-8 84:3 0-06 3-10 
14-2 — — — 
19-7 27-4 — — 
14-2 53-1 — — 
14-4 60-6 -- — 
18-5 13-3 — — 
13-4 21:8 — — 
13-6 25-6 — —_ 
13-7 27-7 — — 
13-9 35-2 — — 
14-1] 36-7 _ — 
17-8 16-4 — _- 
14-5 80-5 2-11 1-10 
14-7 72-2 0-32 2-86 
18-4 24-5 0-50 1-33 


isocyanate bound one molecule of the reagent, the 
wool would show a resultant weight increase of the 
order of 50%. Since weight increases of 40-45 % are 
actually obtained, it appears that practically all 
such side chains do, in fact, react with phenyl 7so- 
cyanate in anhydrous pyridine. 

Under such anhydrous conditions the accessi- 
bility of the fibre to the reagent was not expected to 
be very great, and it was rather surprising, there- 
fore, that reaction occurred so readily. Apparently, 
however, under these conditions, pyridine is 
capable of producing some swelling of the fibre. 
Measurements of fibre diameter showed that, for 
a fibre whose diameter in air was 29-4,., drying 
reduced this to 27-5 u. On transferring the dry fibre 
to hot anhydrous pyridine, the diameter increased 
to 30-1 yw. This degree of swelling would probably be 
sufficient to allow access of the reagent. Further- 
more, when wool was treated with phenyl isocyanate 
in anhydrous xylene (which would not have any 
affinity for the fibre) under conditions which gave 
maximum reaction when using pyridine as the 
solvent, there was no indication of reaction having 
occurred. 

Confirmation of the participation of a wide 
variety of side chains in the reaction is given by 
the treatment of modified wools with phenyl 2so- 
cyanate. The extent to which wool reacts is de- 
creased slightly by methylation or deamination 
before treatment with isocyanate, indicating that 
carboxylic and amino groups take part in the 
reaction. The fact that the acid-combining capacity 
of methylated wool subsequently treated with 
zsocyanate is much lower than that of zsocyanate- 
treated wool for a slightly Jower uptake of isocyanate 
suggests that the carboxyl groups do not react 
completely. 
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In the case of reduced wool, it is seen that, with 
pyridine alone, approximately 1-8% of thiol- 
sulphur is lost and the disulphide-sulphur increases 
by the same amount. Hence, under these condi- 
tions, most of the thiol groups are reoxidized to 
disulphide groups. When isocyanate is present, 
however, reaction of the thiol groups with the 
reagent occurs preferentially, as only 0-23 % thiol- 
sulphur is reoxidized, the remainder reacting with 
the 7socyanate. Hence, thiol groups in wool react 
readily with phenyl isocyanate under anhydrous 
conditions. 

Acetylated wool is incapable of reacting with 
phenyl isocyanate under these conditions. From the 
results of the present work and that of Fraenkel- 
Conrat et al. (1945), a wide variety of groups in wool 
are capable of reacting with phenyl isocyanate and 
it is concluded, therefore, that acetylation with 
boiling acetic anhydride for 30min. leads to 
extensive reaction with the same side chains— 
amino, phenolic, thiol, amide, guanidino, gly- 
oxaline and carboxylic. It appears rather im- 
probable that acetic anhydride would react with 
carboxyl groups. However, it has already been 
pointed out that reaction of these groups with 
phenyl ¢socyanate apparently does not proceed to 
completion and the method of experiment is not 
sufficiently precise for it to be inferred that carboxyl 
groups do, in fact, react during treatment with 
acetic anhydride. 

Whilst temperatures greater than 70° lead to 
more rapid reaction, the amount of isocyanate 
bound to the wool is somewhat less (Table 2). Two 
possibilities suggest themselves. First, these more 
drastic conditions may lead to a general attack on 
the wool with consequent loss of protein. That such 
attack is not due to the pyridine alone is shown by 
the fact that dry wool, on treatment with anhydrous 
pyridine at 97° for 8 hr., did not show any loss in 
weight. Secondly, prolonged treatment at 97° may 
lead to decomposition of the substituent groups 
introduced initially. Support for the former sug- 
gestion is given by the experiments carried out 
using boiling solutions of isocyanate in pyridine, 
where there was evidence of reaction occurring in 
5-10 min., but after 30 min. marked degradation of 
the wool was obvious. 


SUMMARY 


1. Difficulty was experienced in obtaining any 
reaction between wool and phenyl isocyanate in 
aqueous media. 
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2. Under anhydrous conditions considerable 
reaction occurs. Amino, carboxyl and thiol groups 
all react and probably phenolic, amide, guanidino 
and glyoxaline groups also undergo reaction. 

3. The rate of reaction increases greatly with 
increasing temperature, but at higher temperatures, 
protein degradation occurs simultaneously. 

4. Acetylation of wool with boiling acetic an- 
hydride leads to reaction with a wide variety of side 
chains. All groups capable of reacting with phenyl 
isocyanate under anhydrous conditions probably 
react also with boiling acetic anhydride. 

5. Wool treated with phenyl isocyanate exhibits 
a greatly reduced chemical reactivity, becoming 
more resistant to attack by acids, alkalis and 
reducing agents. 


Grateful acknowledgement is made to the administrators 
of the Wool Levy Research Trust Fund under whose grant 
this work was carried out. 
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(Received 10 May 1954) 


While seeking conditions for the paper-ionophoretic 
separation of amino acids from sugars in hydro- 
lysates of bacteriophage inhibitors before identifica- 
tion of the sugars by the method of Consden & 
Stanier (1952), it was noticed that, at pH 2-5, a 
mixture of aspartic and glutamic acids, alanine, 
valine, leucine, lysine and glucose was separated 
into six ninhydrin-reactive spots. The sugar formed 
a separate spot detectable with aniline phthalate 
(Partridge, 1948). Similar observations have been 
made by many previous workers, for example 
Wieland & Fischer (1948), Biserte (1950) and 
Durrum (1950). Nevertheless, it seemed worth 
attempting to find conditions for the complete 
separation of the commoner amino acids by paper 
ionophoresis because the method should be faster 
than chromatography, and, depending as it does 
on different molecular properties, might supplement 
chromatographic procedures. 

It seemed improbable that all the amino acids 
could be separated at any one pH, but two-dimen- 
sional ionophoresis at two different pH values 
appeared more promising. Two-dimensional paper 
electrophoresis at one pH was used by Kunkel & 
Tiselius (1951). Durrum (1951) used two-dimen- 
sional ionophoresis at two pH values and separated 
nearly all the commoner amino acids in a few hours. 
Durrum also used a combination of chromatography 
in one dimension with ionophoresis in the other. 

Using the apparatus of Flynn & de Mayo (1951) 
I had tried (with minor modifications) both of 
Durrum’s methods before becoming aware of his 
paper. The results were encouraging but the spots 
lacked the symmetry and compactness so character- 
istic of one-dimensional paper ionophoresis. Using 
ionophoresis (at pH 2-5 or pH 9-5) followed by 
ascending chromatography excellent separations 
were obtained but the method was not pursued as 
we required a procedure that could be completed in 
1 day. 

To avoid the distortion of the spots which 
occurred during earlier attempts we changed the 
pH of the electrolyte in the paper (after the run in 
the first direction) by exposing it to the vapour of 
a volatile acid or base. In the method now described 
ionophoresis in the first direction is carried out in an 
acid (phthalate) buffer (A) to which may be added 
a weak acid (boric acid) capable of forming with 


ammonia a buffer effective at the pH desired for 
ionophoresis in the second direction. At the end of 
the first run the wet paper is exposed to the vapour 
from a large volume of a buffer (B) made by adjust- 
ing the pH of A with concentrated ammonia 
solution to the value desired for the second run. If 
the dilution caused by the addition of ammonia is 
neglected and the buffer in the paper has not 
changed in concentration or composition it will 
absorb ammonia from buffer B until both have the 
same pH. If the volume of B is large compared with 
the volume of buffer in the paper, this pH will 
remain close to the desired value. 

Published designs of apparatus for paper iono- 
phoresis fall into one or other of two main groups, 
those (e.g. Durrum, 1950, 1951; Flynn & de Mayo, 
1951) in which water can evaporate freely from the 
surface of the paper and those (e.g. Biserte, 1950; 
Cremer & Tiselius, 1950; Kunkel & Tiselius, 1951; 
Foster, 1952) in which evaporation is hindered or 
prevented by immersion of the paper in a solvent 
not immiscible with water or by sealing it between 
cooled glass plates. Evaporation, if permitted, 
causes a flow of electrolyte which is superimposed 
on that due to electroendosmosis. This flow has an 
important and, as Durrum (1951) has shown, in 
extreme cases a predominant effect on the course of 
ionophoretic separation. For the technique now 
described the paper cannot be sealed between sheets 
of glass but is efficiently cooled to minimize evapor- 
ation. 


MATERIALS AND METHODS 


Amino acids. Commercial specimens obtained from the 
British Drug Houses Ltd. or Hoffman-La Roche were not 
further purified. Synthetic pt-amino acids, where available, 
were used in preference to the natural isomers. 

Buffer A, 0-02m phthalate (pH 2-5). Phthalic acid 
(66-4 g.) was dissolved in distilled water (20 1.) by vigorous 
mechanical stirring and the pH of the solution adjusted to 
2-5 with about 20 ml. of 2n-NaOH. The buffer was stored in 
a 201. Pyrex flask fitted with a siphon. CHCIl,, in which 
phthalic acid is practically insoluble, was added as pre- 
servative. 

Buffer B. Ammonia solution (A.R. sp.gr. 0-895-0-90: 
85 ml.) was added to buffer A (1800 ml.) to give a pH 
between 10-6 and 10-7. 

Dilute ammonia solution (pH approx. 11-6). Water (1 1.) 
was treated with ammonia solution as above (45 ml.). 











Vol. 59 


The apparatus 


The apparatus consists of a 16 in. square sheet of thin 
glass having a Perspex electrode vessel along each side and 
a Perspex cover fitted with trays of large area. The glass is 
cooled by a water spray beneath. The four electrode vessels 
(in rotation V, EZ, S, and W) are practically identical and the 
airtight cover fits over two of them (HZ and W) as well as 
over the glass plate. Vessels N and S have separate loose 
covers. A sheet of paper having a small square cut from 
each corner is laid on the glass and moistened with the acid 
buffer used for the run in the first dimension. The tongues 
projecting on each edge of the paper are turned down into 
the electrode vessels. Vessels NV and S are filled with phtha- 
late buffer (pH 2-5) H and W are empty. A small volume of 
solution containing the amino acids to be separated is 
applied to the paper near S and a direct current at 1000v 
passed between N and S, N being negative. The amino acids 
migrate towards N in a straight line and are partially 
separated. After 150 min. the current is turned off, N and S 
are emptied and phthalate buffer brought to pH 10-6 with 
concentrated NH, is placed in Z and W and in the trays in 
the cover. The air in the cover is circulated over the trays 
and paper by a small fan. Equilibration is complete within 
30 min. and a direct current is then passed between Z and W 
causing separation of amino acids in a direction at right 
angles to that of the first run. After 150 min. the current is 
turned off, the cover removed and the paper dried rapidly 
in situ by a fan above and warm water sprayed beneath the 
glass sheet. The analysis including removal of NH, and 
colouring with ninhydrin occupies less than 9 hr. and all the 
common amino acids except leucine and isoleucine are 
separated. 

Details of the apparatus are given in Figs. 1-4. Apart 
from the fan motor which is supported at one side only and 
the electrolyte-levelling siphons, the apparatus is sym- 
metrical, so allowing different aspects to be presented in the 
two halves of Figs. 1 and 2. Figs. 1a and 2a are side and end 
elevations respectively, Figs. 1b and 26 being the corre- 
sponding median vertical sections. Fig. 3a is a plan of the 
apparatus, Fig. 36 a horizontal section at plane X—X’ 
and Fig. 3c a horizontal section at plane Y—Y’ (Fig. 1). 
Fig. 4 is an elevation on a small scale showing the general 
arrangement. In the drawings Perspex was assumed to be 
opaque and glass transparent. The thicknesses of the 
Perspex used were } in. and 34 in. indicated by single, thick 
lines and parallel lines respectively. Numbers in the 
text refer to the drawings. 1, base of jin. laminated 
board. 2, legs supporting 1 above table. 3, spray tank 
48-3 x 48-3 x 11-5 cm. of 19-gauge copper. A thermometer 
is inserted through the bottom of the tank to indicate 
cooling-water temperature. 4, lin. wide wood strips 
supporting 3. 5, glass sheet 16 x 16 x 4 in. supported by 3. 
6, ring of }x}in. rubber cemented to glass. 7, apron of 
thin rubber sheet cemented to 6 preventing leakage of water. 
8, gallery of { in. laminated board fitting loosely round 3. 
9, 4x levelling screws supporting 8. 10, main cover. Its 
ends rest on electrode vessels H and W. 11, 4x parallel 
Spray tubes pierced with holes (diam. about 1-5 mm.) 
spaced 1 in. apart in three parallel rows. Holes in outer 
rows are staggered with respect to corresponding opposite 
holes in the next tube. 12, water-supply manifold. 13, 
water inlet connected by glass tubing to 14. 14, no. 12 
Stuart pump (600 gal./hr. at 5ft. head). 15, 2x1in. 
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copper exit pipes. 16, glass tubes returning water to 17. 
17, circulation tank 9 in. diam. x 14-5 in. fitted with loose 
cover and supported by tripod (neither shown). Connected 
by 1 in. pipe to 14. The circulation tank is fitted with heaters 
(200w) and a thermoregulator. 18, water inlet from tap. 
19, overflow (3 in. below top) connected to filter pump. 
N, E, S and W electrode vessels. N and S are 39-1 em. long 
and EZ and W 40-8 em. long. Vessels are divided longitudin- 
ally. 20, wicks (6 x } in. diam. in each vessel) degreased by 
boiling with soap and distilled water before installation. 
21, electrodes (uncored arc carbons). Terminals and safety 
covers not shown. 22, levelling siphon and drains. 23, loose 
covers for vessels N and S only. 24, rebates in ends of 
electrode vessels accommodating corners of 5. 25, Perspex 
sheet 40-7 cm. long fixed inside 10. 26, partitions forming 
trays at each end of 25. 27, holes 1-7 cm. diam. 28, hole 
10-2 cm. diam. for fan 29. 29, four-bladed fan cut from 
sheet aluminium arranged to blow upwards. 30, ther- 
mometer well. 31, transverse struts deflecting draught on to 
surface of liquid in trays. 32, stainless steel shaft (3° in. 
diam.) threaded at lower end to take stainless nuts securing 
fan. 33, Tufnol bearing. 34, stainless steel collar. 35, 
0-01 h.p. motor (3000 rev./min.). 36, plug for electrical 
connexion to motor. 

The electrodes are connected to the rectifier through a 
two-pole two-way switch so that either V and S or E and W 
may be electrified at will. The rectifier is of conventional 
design and contains a Variac, a step-up transformer, a valve 
rectifier with smoothing filter and a milliammeter. 

The apparatus should be set up with a clear space round it 
in a well-ventilated room in which the occasional presence of 
ammonia is of no account. 


Two-dimensional separation of amino acids 

The surface of the glass plate is cleaned with distilled 
water and filter paper. Before the first run and occasionally 
thereafter it is rubbed with cotton wool soaked in a solution 
of silicone high-vacuum grease (Dow Corning Corporation, 
Midland, Mich., U.S.A.) in CHCl,. Excess grease is removed 
with fresh CHCl, and cotton wool and the surface is polished 
with a clean cloth (cf. Kunkel & Tiselius, 1951). 

A square (side, 46-5 cm.) is cut from a sheet of Whatman 
no. 20 paper. Margins are drawn in pencil 48 mm. from each 
edge and also a starting line parallel with and 8 cm. distant 
from one margin. The axes of the paper are drawn and a 
mark made for the origin on the starting line 17 cm. from its 
intersection with one axis. The squares formed by the 
margins at each corner are cut out. 

The paper is placed on the glass with the origin mark near 
anode vessel S. (We have always placed the sheet so that its 
original long axis lies from HZ to W.) The paper is wetted with 
about 250 ml. of buffer A, and wrinkles and excess buffer are 
squeezed out with a photographic print roller. The paper is 
rewetted with about 100 ml. of buffer A and centred on the 
glass. The levelling screws 9 (Figs. 2-4) are adjusted to bring 
the sides of the electrode vessels H and W about 2 mm. 
above the plane of the paper. The tongues at each edge of the 
paper are made to adhere to the inner surfaces of the 
electrode boxes by capillarity and are pulled down tautly. 
Excess buffer is again squeezed from the paper with the 
print roller—care being taken to remove all bubbles of air 
that may form between the paper and the glass. Some 
distortion of the ionophoretogram must be caused by 
siphoning of buffer from the full electrode vessels used for 
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Fig. 1. Apparatus: a, side elevation; b, side elevation in median vertical section. 
The scales are marked in 4 em. divisions. Numbers refer to the text. 





Fig. 2. Apparatus: a, end elevation; b, end elevation in median vertical section. 
The scales are marked in 4 cm. divisions. Numbers refer to the text. 








Ee 





Fig. 3c 


Fig. 3. Apparatus: a, plan; b, horizontal section at X—X’ in Fig. 1; c, horizontal section at Y—Y’ in Fig. 1. 
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Fig. 4 


The scales 


are marked in 4 cm. divisions. Numbers refer to the text. 


Fig. 4. Side elevation of the apparatus showing cooling system. The scales are marked in 10 cm. divisions. Numbers 


refer to the text. 


the first part of the run through the corners of the paper 
into the neighbouring empty electrode vessels. In practice 
this effect seems unimportant. Wetting causes distortion of 
the paper so that the distance between the marginal lines is 
increased by approximately 6 mm. in the direction of the 
first run. 

The drain to electrode vessels NW and S is closed and buffer 
A (1700 ml.) added—care being taken to displace air bubbles 
from the levelling siphon. The large Perspex cover is placed 
in position and screws 9 adjusted so that the cover just clears 
the paper along each side. Electrode vessels N and S are 
covered and the apparatus left for 1 hr. to reach hydraulic 
equilibrium. During this time the flow of tap water into the 
water circulation vessel is adjusted so that the filter pump 
can just deal with the overflow. The circulating pump is then 
switched on but the thermoregulator and heaters are not 
used at this stage. 

The main cover is removed and the solution to be analysed 
applied at the origin mark from a 5yl. micropipette. 
Volumes between 0:5 and 3-Oyul. have been used. For 
volumes greater than about 1-5 yl. it may be necessary first 
to blot the paper round the origin mark. A volume equi- 
valent to about 1 yl. of a solution 0-02 with respect to each 


amino acid is suitable except for proline of which about twice 
this concentration is needed. 

The covers are replaced, the siphon connecting the filled 
electrode vessels closed with a screw clip and a potential of 
about 1000v applied to the electrodes. The p.d. between the 
marginal lines should be about 740v at the beginning and 
about 700-720v at the end of the run. 

After 140-150 min. the current is turned off, and the 
thermoregulator and water supply adjusted to bring the 
temperature of the cooling water to about 0-5° below room 
temperature. The covers are removed and the edges of the 
paper cut off along the marginal lines parallel to the filled 
electrode vessels. The drain and the siphon connecting these 
vessels are opened, and the exposed margins of the plate 
dried with filter paper. The drain to electrode vessels E and 
W is closed and any liquid in them and in the siphon is 
removed by suction. Buffer B (1800 ml.) is added to vessels 
E and W with precautions to remove air from the siphon 
and to raise the levels in each vessel at about the same rate. 

The main cover is replaced and adjusted with screws 9 so 
that its sides touch the glass and also the top surfaces of the 
electrode vessels at each end. Vessels N and S are covered 
and about 500 ml. of either buffer B or dilute ammonia 
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solution (pH 11-7) added to each tray in the main cover. The 
fan is started and 30 min. are allowed for equilibration. 

The fan is turned off, the siphon connecting vessels Z and 
W closed and a p.d. of about 870v applied, HZ being negative. 
The p.d. between the marginal lines is about 625v at the 
beginning and 600-620v at the end of the run. The current 
varies between about 48 and 56 ma. 

After 145-150 min. the current is turned off and the 
covers removed. The ends of the paper are trimmed off along 
the edges of the glass sheet. The siphon is opened and the 
electrode vessels drained. All electrode vessels and wicks 
are rinsed thoroughly with distilled water. The water supply 
to the cooling system is turned off, the thermoregulator and 
heaters removed and a large burner lighted beneath the 
circulating-water tank. A fan is arranged to blow across the 
surface of the paper. All liquid remaining in the electrode 
vessels is sucked out. During this operation the paper will 
have become dry or nearly so and is held in place by two 
large rubber stoppers. 

The trays in the cover are emptied and all surfaces washed 
with a stream of tap water, and the paperis taken for removal 
of NH, and colouring. The apparatus is ready without 
further attention for another run on the following day. 





Method for tracing movements of electrolyte 
in the paper with a sugar-spot ‘grid’ 


Margins (48 mm. wide) and axes were drawn on a square 
of Whatman no. 20 paper (46-5 x 46-5 cm.). Lines were 
drawn on either side of each axis parallel thereto and distant 
8cm. Marks were made at 4cm. intervals along these 
lines to give, in all, thirty-two symmetrically arranged 
origins. 

The runs were carried out exactly as described for two- 
dimensional ionophoresis of amino acids except that 
(a) 0-5 pl. of a 3% solution of reducing sugars was applied at 
each origin when the paper had reached hydraulic equili- 
brium with buffer A; (b) in two runs cooled 20% ethanol 
was circulated from a portable refrigerating machine 
through about 12 ft. of 4in. copper tubing coiled in the 
circulating water tank. In one run the flow of refrigerant 
was controlled manually, in the other the pump circulating 
it was controlled through a relay by a thermoregulator 
placed in the tank; (c) in one run precautions (described 
below) were taken to reduce liberation of water vapour 
from the electrode vessels. After each run the dry paper was 
developed with aniline phthalate in the usual manner and 
the distances of each spot from the axes of the paper were 
measured. 


Methods for de-ammoniation and colouring 
of tonophoretograms 


With ninhydrin and collidine. (a) The paper is drawn 
through a trough containing 40 ml. of KOH in isopropanol 
(1-5 %, w/v) first slowly in one direction and then rapidly in 
the reverse direction; it is then hung from the edge first 
wetted, fluid collecting at the bottom edge is removed with 
filter paper and drying is completed by a few minutes 
exposure to the draught from a fan. (b) The paper is drawn 
in the same way through 40 ml. of a solution of acetic acid in 
isopropanol (2 %, v/v) and dried with the fan until the odour 
of acetic acid is barely detectable (about 20 min.). (c) The 
paper is treated in the same way with 30 ml. of a solution of 
ninhydrin (0-5%) in anhydrous isopropanol to which com- 
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mercial ‘collidine’ (1-5 ml.) has recently been added 
(Woiwod, 1949). The paper is air-dried for 10-20 min. and 
heated for about 4 min. in an oven at 80-90° containing a 
dish of water. 

Stainless steel chromatography troughs (Woiwod, 1949) 
are convenient for dipping the papers. The paper is held 
beneath the fluid in the trough by a glass tube (diam. 9 mm.) 
filled with mercury (Polson, 1951). It was found difficult to 
avoid disturbing the spots, particularly the proline spot, 
during de-ammoniation by spraying with KOH in methanol 
as recommended by Boissonas (1950). This difficulty and the 
necessity for spraying were avoided by the procedure 
described. The KOH was dissolved in anhydrous iso- 
propanol by boiling under reflux. It was found difficult to 
obtain uniformly clean ionophoretograms until all details of 
the procedure had been adopted. 

With the ninhydrin reagent of Moore & Stein (1948). 
Development with ninhydrin and collidine has the advantage 
of speed, relative freedom from interference by residual 
traces of ammonia and the diagnostic value of the differences 
in the colours given by different amino acids. The disad- 
vantage that equivalent amounts of different amino acids do 
not give the same intensity of colour, can be largely over- 
come by using Moore & Stein’s reagent. This, however, is so 
sensitive to traces of ammonia that the ionophoretograms 
must be washed twice with KOH in isopropanol and twice 
with isopropanol-acetic acid before being sprayed with the 
reagent (20 ml.) and allowed to develop at room temper- 
ature. 

Titration curves. As a guide to the selection of buffers 
suitable for runs in the alkaline range, 1 1. amounts of the 
following were titrated with concentrated NH; solution 
(about 28-9%, w/w) at the glass electrode: (i) 0-02m 
phthalic acid brought to pH 2-5 with 2n-NaOH;; (ii) 0-02m 
phthalic acid, 0-05m boric acid brought to pH 2-5 with 
2n-NaOH;; (iii) water. The results appear in Fig. 5. 


RESULTS 


In the photographs and figures, two-dimensional 
ionophoretograms are so presented that the direction 
of the first run is vertical, with the cathode at the 
top. The axis of the second run is then horizontal, 
with the cathode at the right-hand side. These 
conventions apply also to discussion in the text. 


Movement of electrolyte in the paper 


The movement in different parts of the paper was 
measured by the sugar-spot grid method described 
above. A photograph of a completed ionophoreto- 
gram indicating the regularity of the electrolyte 
flow is given in Fig. 6. With the exception of two 
spots in one experiment, all the spots moved 
towards the cathode in both acid and alkaline runs. 
In four experiments, of which brief particulars are 
given in Table 1, the pH values and durations of the 
acid and alkaline runs were the same and the 
potential gradients as nearly the same as possible. 
Under these circumstances the displacement of a 
spot varied with its initial position, the pH and the 
temperature of the cooling water. 
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In Fig. 7 the displacements of the spots are 
plotted against their mean positions. The mean 
position of each spot during migration in one 
dimension was taken as half-way between its initial 
and final positions. Each point on the graph 
(Fig. 7) represents the average of the displacements 
and positions of two corresponding spots, i.e. spots 
initially equidistant from the axis from which 


12 (iii) 
11 : 
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4 8 12 16 20 24 28 32 36 40 44 48 
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Fig. 5. Titration curves of (i) 0-02m phthalic acid brought 
to pH 2-5 with 2n-NaOH;; (ii) 0-02 phthalic acid, 0-05m 
boric acid brought to pH 2-5 with 2n-NaOH;; (iii) water. 
Initial volumes 11. Titrant, ammonia solution about 
28-9 %, (w/w). 
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Fig. 6. Sugar-spot grid ionophoretogram showing electro- 
lyte displacement. Sugar solution was applied at each of 
the 32 origins marked with small circles and submitted to 
two- dimensional ionophoresis under the normal condi- 
tions for separation for amino acids. Ionophoretogram 
developed with aniline phthalate. a, a’; b, b’ examples 


of spots originally equidistant from the horizontal and 
vertical axes respectively. 
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measurements were taken (e.g. a and a’, b and b’ in 
Fig. 6). The displacements (in mm.) were measured 
both in the direction of the first run in each experi- 
ment (pH 2-5—broken lines) and in the direction of 
the second run (pH 10-6—10-7—full lines) displace- 
ments towards the cathode being considered 
positive. The mean positions are plotted as distances 
(in em.) from the appropriate centre line of the 
paper, those in the direction of the cathode being 
considered positive. All runs at pH 2-5 were made 
under conditions as nearly identical as possible and 
the results of only two are plotted. Of the runs at 
pH 10-6-10-7 one (curve 1) was made under the 
normal conditions for amino acid separation as 
described in the experimental section. Curve 2 
refers to a run in which the electrode vessels were 
filled nearly to the top with buffer B (2400 ml.) and 
three strips of Whatman no. 3 paper (34 x 14 in.) 
were folded over the partition in each vessel to 
supplement the electrical conductivity of the wicks. 
These arrangements were intended to reduce the 
evaporation of water from the uncooled parts of the 
paper and from the wicks. Curve 3 relates to a run 
under conditions that were normal except that the 
temperature of the cooling water was maintained 
thermostatically at about 4-5° below room temper- 
ature. In the fourth run (curve 4) the temperature 
of the cooling water varied between 4° and about 12° 
below room temperature. It was in this run that 
two spots were displaced towards the anode. The 
significance of the results is discussed below. 





Displacement of spots in 
direction of cathode (mm.) 


16 20 
-20 —> Cathode 






20 
Anode <— 
Distance of mean position of spots from centre line (cm.) 


Fig. 7. Electrolyte movement in different parts of the 
paper as revealed by displacement of sugar spots. 
Horizontal scale: distances in em. of mean positions of 
spots from midline of paper in the directions indicated. 
Vertical scale: displacement of spots in mm. The point 
below the abscissa indicates displacement towards anode. 
Broken lines refer to displacements at pH 2-5, full lines 
to displacements at pH 10-6-10-7. Curve 1 (O—O), 
normal conditions; curve 2 (A—A), conditions to 
diminish condensation on paper; curve 3 ((J—(), mild 
refrigeration; curve 4 (@—@), more vigorous refrigera- 
tion. For details see text. 
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Table 1. Conditions under which sugar-spot grid runs were made 


For conditions see text. 


aes 
Acid run (pH 2:5) 1 
Potential gradient (v/cm.) 19 
Alkaline run (pH 10-6-10-7) 
Potential gradient (v/cm.) 17-8 
Heating load (w/em.? x 10?) 2-2-2-3 
Air temperature (°) 21 
20-21 
21 


Water temperature (°) 
“Paper temperature’ ( 


) 


Two-dimensional ionophoresis of amino acids. 
Optimum conditions for separation 


PH. The original experiments on the effects of pH 
were made in the apparatus of Flynn & de Mayo 
(1951) in which water evaporates freely from the 
paper. This evaporation appeared to have no serious 
effect in the acid range and many experiments 
merely confirmed that the best results are obtained 
at the pH (2-5) arbitrarily selected for our original 
purpose of separating amino acids from sugars. In 
the alkaline range pH values in the region 9-3-9-6 
seemed to give the best results. When, however, pH 
values in this range were used in the new apparatus 
the following groups of amino acids were separated 
poorly or not at all: valine and leucine; serine and 
threonine; methionine and phenylalanine. One- 
dimensional ionophoretograms at different pH 
values in the new apparatus indicated that the 
results with the older apparatus were misleading 
and that the optimum pH was at least as high as 
10-6. This is about the practical upper limit when 
ammonia is used as the volatile base. 

Buffers. Phthalic acid (0-02M), partly neutralized 
with sodium hydroxide, was used for the acid runs 
not only on account of its adequate buffering power 
but also because it contains no ions which lack 
buffering value but add to the conductivity and 
therefore the heating effect of the current. Boric 
acid (0-05M) was originally added to the phthalate 
buffer, but as the titration curves in Fig. 5 show, its 
use is unnecessary in the neighbourhood of pH 10-6 
and should be avoided as borates appear to diminish 
the sensitivity of ninhydrin. For buffer B, which is 
placed in the electrode vessels for the alkaline run, 
0-02 phthalic acid brought to pH 2-5 with sodium 
hydroxide and then to pH 10-6 with concentrated 
ammonia was always used. The same mixture may 
be placed in the trays in the cover. It was later 
found experimentally that a dilute solution of 
ammonia (pH 11-6—11-8) is equally satisfactory. 

Paper. The following have been tried: Whatman 
nos. 1, 3, 20, 31, 50 and 542 and Munktell no. 20. The 
most compact spots were obtained with Whatman 


Expt. no. 
2 3 t 

19 19 19 

15-5 17-2 17-7 

2-1-2-2 2-1-2-2 2-1 
23-3 2 20-19 
22-2-22°8 16-5--16-7 8-16 
23-1-24 21-20-2 ca. 16-5 


no. 20 which has been used for the experiments 
reported here. 

Temperature. We have not attempted to measure 
the true temperature of the paper, though ‘paper 
temperatures’ recorded by a thermometer in a 
pocket within a few millimetres of its surface gave 
useful indications. The gross effects of overheating 
and overcooling were investigated in two experi- 
ments with 17 amino acids in which the conditions 
during the first half (pH 2-5) were as described in the 
experimental section for a normal run. In one 
experiment the heating load during the second half 
was restricted to 0-014 w/cm.? but the cooling spray 
was turned off. The ‘paper temperature’ at the end 
of the run was 8-5° above room temperature. In the 
resulting ionophoretogram the amino acid spots 
were compressed towards the vertical axis of the 
paper. Aspartic and glutamic acids and cystine 
formed one zone, serine, threonine, methionine and 
phenylalanine had coalesced to form another, and 
alanine, valine and leucine a third. These zones were 
extended vertically. Only glycine, proline, hydroxy- 
proline and the bases formed separate spots. This 
behaviour was presumably caused by excessive 
evaporation with flow of electrolyte from the edges 
of the paper. In the second experiment the temper- 
ature of the cooling water was kept at about 5-11° 
below room temperature during the second half of 
the run. The heating load was normal (0-022 w/em.”) 
and the ‘paper temperature’ 1—2° below that of the 
room. In this ionophoretogram the spots were 
elongated horizontally and those due to serine, 
threonine, methionine and phenylalanine had 
coalesced into a sausage-shaped zone. Arginine 
migrated off the paper. These results are consistent 
with the hypothesis that water had condensed on 
the paper during the run. The earlier experiments 
were made during the summer when the temper- 
ature of the cooling water was only one or two 
degrees below that of the room. In the winter less 
satisfactory results were obtained at first, the 
reason being that the cooling-water temperature 
was then 3—4° below that of the room, causing 
excessive condensation on the paper during the 
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alkaline run. The difficulty was overcome by fitting 
a thermostat and heaters in the circulating tank. 
A heating load of about 0-022w/cm.? with water 
about 0-5° below room temperature during the 
alkaline run appear to give the best results. 


The separation of an artificial mixture of 
17 amino acids 


The appearance of an ionophoretogram made 
under the conditions given in the experimental 
section is shown in Fig. 8. For this experiment 


I fig 


6 Z 7 


17 
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Fig. 8. Two-dimensional ionophoretogram of 17 amino 
acids. The small circle at the bottom towards the right is 
the origin. 1, aspartic acid; 2, glutamic acid; 3, cystine; 
4, glycine; 5, serine; 6, tyrosine; 7, threonine; 8, hydroxy- 
proline; 9, methionine; 10, histidine; 11, alanine; 12, 
phenylalanine; 13, valine; 14, leucine; 15, proline; 16, 
lysine; 17, arginine. Conditions of ionophoresis as 
described in experimental section. 
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1-3 pl. of a solution 0-02 with respect to 16 amino 
acids and 0-04™m with respect to proline was applied 
to the paper. 

A rough idea of the reproducibility attainable is 
given by the results in Table 2 taken from two runs 
made with a month’s interval between but under 
conditions as nearly as possible the same. The 
ionophoretograms were selected before the measure- 
ments were made. In this table the movements of 
each amino acid in the first and second dimensions 
are considered separately. The largest discrepancies 
are between the positions of threonine and pheny]l- 
alanine in the acid runs and those of threonine, 
alanine and arginine in the alkaline runs. Irregu- 
larities in the paper or slight displacements during 
washing and development may have been partly 
responsible. The agreement between the two runs 
appears reasonable and the reproducibility of the 
map adequate for the immediate detection of any 
of the 17 amino acids listed. 


DISCUSSION 


The movement of electrolyte in the paper and 
its effect on the efficiency of separation 


Movement of fluid in the paper during electro- 
phoresis may be due to inadequate hydraulic 
equilibration of the paper with the liquid in the 
electrode vessels, to electroendosmosis, to loss or 
gain of water by evaporation or condensation and 
possibly to other undefined causes. If the flow 
varies from one part of the paper to another it may 
cause distortion of the spots and inefficient separa- 
tion. The effects of electroendosmosis (which is 
usually cathodic and constant over the whole paper) 
and evaporation (which causes irregular movement 


Table 2. Distances travelled by amino acid spots on two-dimensional ionophoretograms 
made under the conditions described in the experimental section 


Acid runs (pH 2-5) 
Distances from origin (mm.) 
A. 


Alkaline runs (pH 10-6—10-7) 
Distances from starting line* (mm.) 
—A - ~ 








cr = . Co ’ 

Amino acid 19. xi. 53 18. xii. 53 Average 19. xi. 53 18. xii. 53 Average 
Aspartic acid 102 99 100-5 299 293 296 
Glutamic acid 121 121 121 277 272 274-5 
Cystine 108 107 107-5 244 245 244-5 
Glycine 206 208 207 201 208 204-5 
Serine 144 140 142 187 184 185-5 
Tyrosine 116 109 112-5 178 180 179 
Threonine 135 125 130 168 160 164 
Hydroxyproline 100 92 96 152 150 151 
Methionine 129 123 126 148 142 145 
Histidine 324 327 325-5 136 138 137 
Alanine 183 180 181-5 142 128 135 
Phenylalanine 122 112 117 129 123 126 
Valine 150 146 148 127 121 124 
Leucine 151 145 148 109 104 106-5 
Proline 112 108 110 27 24 25-5 
Lysine 342 340 341 -1l+ ~19+ ~15t 
Arginine 311 312 311-5 — 61} -71} — 667 


* A line through the origin in the direction of the acid run. 





+ Migration towards cathode. 
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Table 3. The effect of electrolyte movement on the position of amino acid spots 


at the conclusion of a normal two-dimensional run 





pH 2-5 pH 10-6-10-7 
ais 7 A > C si A. a 
Measured Correction Corrected Measured Correction Corrected 
movement for migration movement for migration 
towards electrolyte towards towards electrolyte towards 
cathode flow cathode anode flow anode 
Amino acid (mm.) (mm.)* (mm.) (mm.) (mm.)* (mm.) 
Aspartic acid 100-5 53 47-5 296 65 361 
Glycine 207 45 162 204-5 72 276-5 
Valine 148 49 99 124 80 204 
Lysine 341 36 305 — 15T 88 73t 
* Estimated from data in Fig. 7. + Movement towards cathode. { Corrected movement towards anode. 


of fluid) have been discussed by previous authors, 
but not measured by observing the displacement of 
spots of non-electrolyte applied at several points 
along the paper in the direction of the current flow 
except by Macheboeuf and his collaborators, who 
have shown that an uneven flow of electrolyte may 
under some conditions give improved separations 
(Macheboeuf, Rebeyrotte, Dubert & Brunerie, 
1953). In the present work undistorted spots and 
effective separation were not achieved until the 
movement of fluid over the whole paper had been 
studied by the sugar-spot grid method and irregu- 
larities reduced by adjustment of the cooling. 

Durrum (1950, 1951) has pointed out that 
evaporation causes movement of buffer towards the 
centre of the paper, the flow being greatest near the 
ends. When there is electroendosmosis towards the 
cathode as well as evaporation the displacement will 
be greatest near the anode and least near the 
cathode. The broken curves in Fig. 7 showing the 
displacements at different areas in the paper during 
the acid run follow this pattern and indicate that 
some evaporation occurs. The rate of evaporation 
depends on the difference between the temperature 
of the paper and that of the film of moisture on the 
cover of the apparatus and is diminished by cooling 
the paper (rather than the whole apparatus) as 
efficiently as possible. During the alkaline run, 
however, the paper is exposed to water vapour from 
the wicks (which have a relatively high resistance) 
and the uncooled electrolyte in the electrode 
vessels. Water therefore tends to condense on the 
paper and if the temperature of the cooling water is 
more than about 1° below that of the room this 
causes distortion of the spots and poor separation. 
The effects of condensation at different cooling- 
water temperatures are shown by the full-line curves 
in Fig. 7. The approximate effects of electrolyte 
flow on the migration of four amino acids are shown 
in Table 3. 


Suggested modifications to the apparatus 


To avoid condensation on the paper, water 
vapour from the electrode vessels should be ex- 


cluded from the main cover which would then fit over 
the glass plate only, all the electrode vessels having 
separate lids. The trays would have to be narrowed 
to allow air to circulate between them and the ends 
of the cover, but must present sufficient area of 
dilute ammonia solution for equilibration of the 
paper to pH 10-6 in a reasonable time. If the 
possibility of condensation has been excluded, it 
should be easy to avoid excessive evaporation by 
matching heating load with the difference between 
the temperature of the room and that of the cooling 
water. 

As experiments have shown that separation (e.g. 
of valine from leucine) improves with increased 
migration, the whole apparatus could with ad- 
vantage be made much larger especially in the 
direction of the alkaline run, during which amino 
acids move against the electrolyte flow. 


Scope of the two-dimensional ionophoretic method 


The method now presented permits a qualitative 
estimate of the amino acid composition of protein 
hydrolysates to be obtained within 9 hr. This may 
be an advantage in clinical or other work in which 
daily samples are taken and the course of the 
experiment must be guided by the analytical results. 
The usefulness of the method for revealing nin- 
hydrin-reactive substances other than the common 
amino acids is as yet uncertain but simultaneous 
ionophoresis and chromatography would seem 
preferable to reliance on either process alone. The 
disadvantages of the process are that only one 
specimen can be examined at a time, that it is at 
present a qualitative method only, and that leucine 
and isoleucine are not separated. 

There seems to be no reason why any of the 
methods for quantitative estimation of amino acids 
that have been applied to chromatography should 
not be applied to ionophoresis provided that all 
ammonia is removed from the paper and that 
the spots are adequately separated—a condition 
which should be more readily satisfied in larger 
apparatus. 
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The method has been applied to hydrolysates of 
human y-globulin and of a protein from the surface 
antigen of Pseudomonas aeruginosa L2 (Mead & 
van den Ende, 1953) and also to concentrated 
normal urine. The globulin hydrolysate gave spots 
corresponding to aspartic and glutamic acids, 
cystine, serine, threonine, tyrosine, glycine, alanine, 
valine, leucine (isoleucine), phenylalanine, proline, 
histidine, lysine and arginine. Spots at the positions 
taken by 13 of the common amino acids were 
detectable on the ionophoretogram given by the 
antigen-derived protein. The urine concentrate 
served to indicate that the method may be applied 
directly to solutions rich in dissolved solids. 
Taurine, glycine, serine, asparagine, methionine, 
alanine and histidine were tentatively identified. 

‘Two-dimensional ionophoresis should give better 
separation than one-dimensional in all cases where 
change of pH affects the relative as well as the 
absolute rate of migration of the substances to be 
analysed. In practice, however, difficulties in 
finding sufficiently volatile buffer components may 
be a limiting factor. Mixtures of proteins are an 
obvious field for experiment also lipoprotein— 
polysaccharide complexes such as some bacterial 
antigens for at least one of which (that of P. 
aeruginosa strain L2) the excellent method of 
detection on paper due to Rydon & Smith (1952) may 
be used. 

SUMMARY 


1. Inanew apparatus for two-dimensional paper 
ionophoresis, the pH of the buffer solution in the 
paper is changed, after ionophoresis in one dimen- 
sion, by exposure to the vapour from a solution 
exerting a suitable and substantially constant 
partial pressure of ammonia. 

2. A method for determining the flow of electro- 
lyte at different points on the paper is proposed. The 
results of applying it in the new apparatus are 
discussed. 


TWO-DIMENSIONAL PAPER IONOPHORESIS 


543 

3. The following amino acids are separated 
qualitatively by the new apparatus: glutamic and 
aspartic acids, cystine, glycine, alanine, valine, 
leucine, phenylalanine, serine, threonine, tyrosine, 
hydroxyproline, proline, histidine, lysine and 
arginine. Leucine and isoleucine are not separated. 
The developed ionophoretogram is ready within 
nine hours of starting an experiment. 
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In recent years, chromatographic procedures using 
ion-exchange resins have been applied to the 
separation of a large number of substances, but their 
successful application to the separation of proteins 
has been confined mainly to basic proteins of low 
molecular weight, such as cytochrome c (Paleus & 
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Nielands, 1950) ribonuclease (Hirs, Moore & Stein, 
1953) lysozyme (Tallan & Stein, 1953) and chymo- 
trypsinogen « (Hirs, 1953). The ion-exchange resin 
used in the above studies was the carboxylic cation 
exchanger, Amberlite IRC-50. Columns of this 
resin have also been used to purify the active sub- 
stances from a preparation of adrenotropic hormone 
(Dixon, Moore, Stack-Dunne & Young, 1951). 








A+ 


A general chromatographic method for the 
separation of proteins, without denaturation, 
would be an extremely useful tool for the prepara- 
tion of small amounts of a purified protein as well as 
a sensitive technique for examining the homo- 
geneity of a particular protein preparation. The 
main object of the present work was to develop a 
chromatographic method for the separation of 
neutral proteins. Since coloured substances offer 
advantages in chromatography, the neutral pro- 
teins chosen were a group of haemoglobins. The 
resin used was Amberlite IRC-50. 

In selecting conditions for the separation of the 
haemoglobins, we were guided by results obtained 
with the basic protein, cytochrome c. The effect of 
cation concentration and pH of buffer on the 
adsorption of cytochrome c on IRC-50 has been 
studied in some detail and the information gained 
has been used to predict conditions for the separa- 
tion of the haemoglobins. 

The present communication presents the results 
of the detailed study of the behaviour of cytochromec 
on columns of IRC-50 and the successful separation 
of some haemoglobins. Preliminary accounts of 
this work have been published previously (Board- 
man & Partridge, 1953, 1954). 


MATERIALS 


Ion-exchange resins. The resin used in most of the experi- 
ments was a fine grade form (XE-64) of the carboxylic acid 
cation exchanger, Amberlite IRC-50 (obtainable from 
Charles Lennig and Co., London). Material in the 120 to 
250-mesh/in. range (resin A) was obtained by removing the 
fines. This was done by suspending the resin in water, 
allowing it to settle for 30 min. and removing the super- 
natant suspension. This process was repeated several times 
until the supernatant was clear after settling for 30 min. The 
resin was cycled twice through the sodium form by alternate 
treatments with 2N-NaOH and 2n-HCl, the resin being 
washed with distilled water between each treatment. The 
resin was finally converted into its sodium form and kept 
under 2Nn-NaOH until required. In order to study the effect of 
variations in the resin on the adsorption of cytochrome c, 
three different batches of IRC-50 were chosen and also a 
methacrylic acid resin, Zeo-Carb 226 (supplied by Permutit 
Ltd., London). Resin B was from the same batch as resin A, 
but of smaller particle size (250 to 400-mesh/in.). Resins C 
and D were different batches of IRC-50, supplied in the form 
of large spherical beads. These beads were ground in a 
laboratory hammer mill and graded by sieving (100 to 
150-mesh/in.). Resin EZ was a highly cross-linked form of 
Zeo-Carb 226, which had been ground and graded (100 to 
150-mesh/in.). 

Cytochrome c. This was prepared from horse-heart muscle 
by the method of Keilin & Hartree (1945). This method of 
preparation gives a cytochrome c with an iron content of 
0-34%. A1% solution was dialysed against 0-5 % NaCl and 
stored at — 20°. 

Carbon monoxide haemoglobins. The early experiments at 
25° were carried out with samples of carbon monoxide (CO) 
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haemoglobins which had been prepared by Dr Adair. These 
samples had been stored for some time at -—20°. After 
thawing slowly, they were filtered through no. 50 Whatman 
filter papers using Celite as a filter aid. Later experiments 
were carried out with samples of bovine, sheep and sheep 
foetal CO haemoglobins, which had been freshly prepared by 
method 2 of Adair & Adair (1934). The stromata were 
removed by filtration through no. 50 Whatman papers with 
the aid of Celite. 

Bovine methaemoglobin. This was prepared by mixing 
bovine CO haemoglobin with a K,Fe(CN), solution, allowing 
to stand for 30 min. and dialysing thoroughly. 


PROCEDURES 


Preparation and operation of columns. The purified resin 
was suspended in the buffer used for developing the chro- 
matogram, allowed to settle and the supernatant removed. 
This process was repeated until the pH of the supernatant 
fell to within 1 or 2 pH units of the pH of the buffer. The 
resin was then suspended in about 2 vol. of the buffer, and 
the resulting slurry poured into the chromatographic tube 
in small portions at a time (Moore & Stein, 1951). Each 
portion was allowed to settle under gravity. The chromato- 
graphic tubes used in most of the experiments had an 
internal diameter of 0-9 cm., the resin being supported on 
a coarse sintered glass disk which had been sealed into the 
tube. The experiments with cytochrome ¢ and the initial 
experiments with the CO haemoglobins were carried out at 
25°. The chromatographic tubes were jacketed to permit 
temperature control by circulation of water from a constant- 
temperature water bath. The experiments with the haemo- 
globin were carried out at 2° in a constant-temperature cold 
room. 

A separating funnel containing the developing buffer was 
connected to the chromatographic tube with polyethylene 
tubing and buffer was passed through the resin column at 
a flow rate of approximately 30 ml./hr. for at least 24 hr., or 
until the pH of the effluent was identical with the pH of the 
inflowing buffer. For the experiments at 2°, this equilibra- 
tion was carried out in the cold room. For the experiments 
at 25°, the circulation of water from the thermostat bath 
was started at least 1 hr. before the addition of the protein 
sample. 

After the excess buffer had drained into the column, the 
sample of protein was added by a pipette with a bent tip to 
direct the stream against the side of the tube. The protein 
had previously been dialysed against the developing buffer. 
1-0 ml. samples of cytochrome c were chromatographed and 
0-2 ml. samples of the haemoglobins. The amount of protein 
varied from 3 to 6 mg. The protein solution was allowed to 
drain into the resin and then the walls of the tube were 
washed with a little developing buffer, which was also 
allowed to drain into the resin. The time taken for the 
sample to drain into the column was 0-5-0-75 hr., a flow rate 
of this order being obtained by immersing the lower end of 
the chromatographic tube in a beaker of water. 

The tube above the resin was completely filled with buffer 
and connected to the separating funnel. The rate of flow of 
buffer through the column was 1-1-5 ml./hr. in the cyto- 
chrome c experiments and 0-5 ml./hr. in the haemoglobin 
experiments. The effluent from the column was collected in 
1-0 ml. (cytochrome c) or 0-2 ml. fractions (haemoglobins), 
using a time-operated or a drop-counting fraction changer. 
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In many experiments the volume of the fractions was 
checked by weighing. 

Buffers. For the experiments with cytochrome c, sodium 
or ammonium phosphate buffers were used. The effect on 
the elution volume at pH 7-0 of reducing the phosphate 
concentration of the buffer to 0-04 and adding (a) NaCl or 
(b) Na,SO, to bring the Na* concentration to 0-34 g. ions/I. 
was also studied. 

0-1m Sodium citrate buffers of the following composition 
were used to elute the haemoglobins. 21-0 g. A.R. citric 
acid, 10-0 g. A.R. NaOH; solution made to approximately 
950 ml.; N-NaOH was added until the desired pH was 
obtained, then A.R. NaCl to bring the Na* concentration 
to 0-34 g. ions/l. and the solution made up to 11. In the 
haemoglobin work, a concentrated citrate buffer was also 
used; this contained 220 g. citric acid and 126 g. NaOH/I. 
(pH 6-5, Na* concentration 3-2 g. ions/l.). 

Analysis of effluent. Cytochrome c in the effluent was 
determined photometrically at 550 my. using a Hilger 
Uvispec spectrophotometer. Before measurement each 
fraction was diluted with 3-0 ml. of distilled water 
and the cytochrome c reduced with a trace of sodium 
dithionite. 

Haemoglobin also was determined by a photometric 
method. The positions of the absorption maxima and the 
corresponding millimolar extinction coefficients agreed well 
with those reported in the literature (Lemberg & Legg, 
1949). The optical density of a CO haemoglobin solution 
would normally be measured at a wavelength corresponding 
to one of the absorption maxima, i.e. at 418 my. for dilute 
solutions (1-100 yg./ml.) and at 538 or 567 my. for more 
concentrated solutions. The effluent solution from the 
column, after dilution, were usually in the lower concentra- 
tion range. However, if the optical densities were measured 
at 418 mu., any formation of methaemoglobin during the 
running of a chromatogram would lead to a serious error in 
the determination of the total haemoglobin content. An 
absorption maximum fur methuemoglobin occurs at 405 my. 
and the spectrophotometric curves of CO haemoglobin and 
methaemoglobin intersect at a wavelength of 412 my. The 
total haemoglobin content of the solutions was therefore 
measured at 412 my., but it should be observed that any 
error in the wavelength setting at 412 my. has a much 
greater effect on the optical density of a CO haemoglobin 
solution than a similar error at 418 my. 

Crystallization of bovine CO haemoglobin from the column. 
50 mg. of bovine CO haemoglobin were chromatographed 
on a column of IRC-50, 5-0 x 3-0 cm., with citrate buffer of 
pH 5-81 and Na* concentration, 0-34 g. ions/l. The effluent 
was collected in 2 ml. fractions and the fractions containing 
a reasonably high concentration of CO haemoglobin were 
mixed and the resulting solution was dialysed under 
pressure against 0-67 saturated (NH,),SO, until the CO 
haemoglobin content was approximately 2%. A small 
amount of the solution was placed on a watchglass and 
allowed to stand in a cold room at 0°. Crystals of CO haemo- 
globin appeared overnight. 

Adsorption experiments with lysine. For comparison with 
the experiments with cytochrome c, a study was made of the 
effect of pH on the adsorption on IRC-50 of the basic amino 
acid, lysine. Adsorption was carried out from buffer 
solutions of sodium ion concentration 0-34 g. ions/l. The 
buffer system depended on the pH; from pH 3 to 6, it was 
citrate, from pH 6 to 8, phosphate and from pH 9 to 10, 
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borate. The dry resin:solution ratio was approximately 
1:3-6. 

Procedure. The purified resin was washed thoroughly with 
water and dried at 105°. A sample of dry resin (0-3 g.) was 
weighed into a test tube and shaken with 10-15 ml. buffer. 
The resin was allowed to settle and the supernatant removed 
with a pipette. The process was repeated until the super- 
natant was of the same pH as the buffer. The tube was then 
reweighed to give the weight of the wet resin. 1-0 ml. of a 
solution containing 5 mg. lysine was added, the tube shaken 
and allowed to stand for 3 hr. with occasional shaking. 
A sample (0-2 ml.) of the supernatant was withdrawn, 
diluted to 1 ml. and adjusted to pH 5. The concentration 
of lysine was determined by the photometric ninhydrin 
method of Moore & Stein (1948). 

Calculations. In order to calculate the amount of lysine 
adsorbed by the resin, it was necessary to know the volume 
of liquid held between the resin particles. This was deter- 
mined by a centrifuge method (Pepper, Reichenberg & 
Hale, 1952). It was found that the total amount of liquid 
taken up by the resin (including the liquid between the 
particles of resin) was dependent on the pH of the buffer, 
but the amount of liquid removed by centrifuging remained 
almost constant (1-8 ml./g. dry resin). The volume of liquid 
in the resin phase was taken as equal to the total amount of 
liquid taken up by the resin minus the volume of liquid 
held between the resin particles. The volume of liquid in the 
resin phase was dependent on the pH: at pH 7-0 and a Na* 
concentration of 0-3 g. ions/l., the volume was 1-8 ml./g. dry 
resin and at pH 3-1 it was 0-8 ml. 

As shown by Hale & Reichenberg (1949) the ionization of 
the resin is completely suppressed at pH 3 and the resin does 
not exhibit its full capacity for Na* (9-2 m-equiv./g.) below 
PH 8 or 9 (see Fig. 2). At pH 7-0 and a Na* concentration in 
solution of 0-3, the capacity of the resin for Na* is approxi- 
mately 7 m-equiv./g. Thus an uptake of 7 m-equiv. of Na* 
corresponds to an increase of 1-0 ml. in the amount of water 
taken up by the resin. This corresponds to 8 m-equiv. of 
water for each milliequivalent of Na* adsorbed. The volume 
of liquid in the resin phase, at a particular pH and Na* con- 
centration in solution, can be calculated from the titration 
curve of the resin if we assume that this volume is propor- 
tional to the uptake of Na* by the resin. 

Volume of liquid in resin phase/g. dry resin 
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In the adsorption experiments, the volume of the 
ambient phase was obtained by subtracting the resin phase 
volume from the total amount of water in the system. The 
amount of lysine adsorbed by the resin was the difference 
between the amount added and the amount remaining in 
the ambient phase after equilibration. 

Total volume of effluent (V + Ve). This is equal to the total 
volume of liquid which flows from the column from the time 
of application of the solute until the maximum concentra- 
tion of solute emerges from the column. 

Hold-up volume (Ve). This is the volume of solvent which 
is held between the resin particles. 

Elution volume (V). This is equal to the total volume of 
effluent minus the hold-up volume. 

Ry value, defined as Ve/(V + Ve) is identical with Ry as 
defined by Consden, Gordon & Martin (1944). 
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RESULTS 
Chromatography of cytochrome c 


A preliminary experiment showed that the cyto- 
chrome c preparation was not chromatographically 
homogeneous. A homogeneous fraction was ob- 
tained by adsorbing the preparation on a column of 
IRC-50 and eluting with 0-2m sodium phosphate 
buffer of pH 7-0 and Na* concentration, 0-34 g. 
ions/]. This fraction contained 75 % of the material 
put on the column as measured photometrically at 
550 mp., but only 55% as measured by the nin- 
hydrin reaction. Its spectrophotometric curve was 
identical with that for oxidized cytochrome c. As 
impurities in the crude cytochrome preparation we 
observed a pale yellow substance which was eluted 
ahead of the cytochrome band and a red band which 
remained stationary at the top of the column. The 
main band of oxidized cytochrome c was just 
preceded by a band of reduced cytochrome c. The 
main fraction behaved as a single substance when 
applied to a fresh column of the same resin and 
could be eiuted from it quantitatively (Fig. 1). 
Cytochrome c used in subsequent experiments was 
purified in this manner. 

Paleus & Neilands (1950) and Margoliash 
(1954a, b) have purified cytochrome c by chromato- 
graphy on columns of IRC-50. Margoliash obtained 
fractions similar to those described here. He 
examined these spectrophotometrically, deter- 
mined their iron contents and carried out activity 
measurements. The pale yellow substance consisted 
mainly of globin from myoglobin, and the pigment 
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Fig. 1. Chromatogram of purified cytochrome c. Column of 
IRC-50 17-4 x 0-9 cm. Buffer: 0-2m sodium phosphate 
buffer, pH 7-04 and Na* concentration 0-34 g. ions/I. 
Amount on column: 2-4 mg. Temperature: 25°. 
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adsorbed at the top of the column was oxidized 
cytochrome c of low enzymic activity. 

Effects of pH and cation concentration. Figs. 2 and 
3 show the effects of pH and cation concentration 
on the elution volume of cytochrome c. The effect 
of pH is discussed in detail later. The effect of 
cation concentration was studied at a constant 
pH of 7-0. The elution volume increased sharply as 
the cation concentration was reduced below 0-28 g. 
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Fig. 2. Effect of pH on the elution of cytochrome c by 
sodium phosphate buffers. 6-0 mg. samples chromato- 
graphed on columns of IRC-50, 16-0 x 0-9 cm. Temper- 
ature, 25°. Na* concentration, @ 0-25. ions/l., A 
0-34. The broken lines show the amount of Na* taken up 
by the resin: A, from 1-0m NaCl; B, from 0-1m NaCl. 
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Fig. 3. Effect of cation concentration on the elution of 
cytochrome c at pH 7-0. 6-0 mg. samples chromato- 
graphed on columns 16-0x0-9cm. Temperature, 25°. 
Buffers: @, sodium phosphate; A, ammonium phos- 
phate; ©, sodium phosphate-sodium chloride; (, 
sodium phosphate-sodium sulphate. 
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ions/l., and below 0-22 g. ions/l., the cytochrome 
band remained stationary at the top of the column. 
As the cation concentration was increased beyond 
0-28, the elution volume gradually decreased to 
zero. The elution volume was not appreciably 
altered by substituting NH,* for Na*, or Cl” or 
SO,?2- for phospate ions. 

Effect of variation in the resin. The elution volume 
of cytochrome c varied considerably with different 
batches of resin (Table 1). Resin B was from the 
same batch as resin A, but of smaller particle size, 
and it presumably had a greater surface area/g. 
Since the proteins are too large to penetrate a highly 
cross-linked resin, interaction between protein and 
resin takes place on the resin surface, and it might 
be expected that the elution volume would depend 
on the surface area/g. of resin and on the surface 
structure. The success of IRC-50 as a resin for 
separating and purifying proteins is partly due, no 
doubt, to the large surface area presented by its 
sintered structure. 


Table 1. Effect of variation of the resin 
on the chromatography of cytochrome c 
Eluting buffer: 0-2m sodium phosphate, pH 7-0, 
[Nat+]=0-34. Columns contained 2-5 g. dry resin. 


Total volume Elution volume 


of effluent (V-V,) 
Resin (ml.) (ml.) 
A 16-3 10-6 
B 19-8 13-1 
C 15-1 9-4 
D 23-7 18-0 
E 28-1 — 


Amount of lysine adsorbed (mg./g. dry resin)/equilibrium 
concentration (mg./ml.) 





pH of buffer 
Fig. 4, Effect of pH on the adsorption of lysine by IRC-50. 
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Resin C behaved not very differently from A, but 
D differed considerably from A and C. Not only 
was the elution volume greater for D, but the pro- 
tein peak was much broader and the recovery of 
protein low. The behaviour of resin E (Zeo-Carb 226), 
was very different from that of the samples of IRC- 
50. The band of cytochrome spread over a consider- 
able part of the column, the resulting peak was very 
broad and the recovery of protein low. The explana- 
tion probably lies in the different surface character of 
this resin. Resins A, B and C were suitable for the 
chromatography of proteins. 

Adsorption of lysine. Fig. 4 shows the effect of 
pH on the adsorption of lysine by IRC-50. The 
amounts of lysine adsorbed/g. of resin have been 
divided by the corresponding equilibrium concen- 
trations of lysine in the ambient phase, since the 
resulting ratios are proportional to the distribution 
coefficients of lysine between the resin and ambient 
phases. In column experiments, the elution volume 
of a substance is proportional to its distribution 
coefficient between the stationary and mobile phases 
(Consden et al. 1944). The behaviour of lysine in 
the adsorption experiments is compared later with 
that of cytochrome ¢ on columns of IRC-50. 


Separation of the haemoglobins 


Separation of sheep foetal and bovine CO haemo- 
globins at 25°. Fig. 5a shows the chromatogram 
obtained from a mixture of sheep foetal and bovine 
CO haemoglobins in citrate buffer of pH 5-81 at 25°, 
using a column 5-0 x 0-9 cm. It was observed that 
as the haemoglobin bands progressed down the 
column they left behind a light deposit of coloured 
material which appeared to be uniformly spread over 
the whole column. The CO haemoglobins were 
nevertheless eluted as symmetrical peaks without 
tailing. At first it was thought that this material 
remaining on the column was probably denatured 
haemoglobin (or represented some stage in the 
denaturation of the protein). It was found that this 
adsorbed protein could be eluted with concentrated 
sodium citrate buffer of pH 6-5 and Na* concentra- 
tion 3-2, and peak C is the elution peak formed by 
this material. By running separate chromatograms 
for sheep foetal and bovine CO haemoglobins it was 
shown that peak A (Fig. 5a) consisted of sheep foetal 
CO haemoglobin and peak B of bovine CO haemo- 
globin (Boardman & Partridge, 1953). Secondary 
peaks corresponding to peak C were obtained in 
both cases. 

Material from peaks A and B was rechromato- 
graphed, but the same secondary peak was again 
obtained. This clearly showed that some change in 
the original material had occurred by passage 
through the column. If this change were due to 
denaturation, then yields should be improved by 
working at lower temperatures. 





EEE 
m_~«»T” 


o—-—e—* 


©. 


e—*e-—° 


P 


Concentration of haemoglobin (mg./ml.) 





3 6 8 10 12 14 16 
Volume of effluent (ml.) 


nr 


Fig. 5. Chromatograms of a mixture of sheep foetal CO 
haemoglobin and bovine CO haemoglobin on columns of 
TRC-50, columns measuring 5:-0x0-9cm. Buffers: 
sodium citrate, pH 5-81, Na* concentration 0-34 g. 
ions/].—changed to sodium citrate, pH 6-5, Na* concen- 
tration 3-2, after 1-2 ml. (a) Temperature 25°. Amount 
on column: 2-7 mg. sheep foetal COHb and 3-0 mg. of 
bovine COHb. (5) Temperature 2°. Amount on column: 
2-4 mg. sheep foetal COHb and 4-8 mg. bovine COHb. 


Yields of the pure components were increased, in 
fact, by working at 2° and the results obtained at 
this temperature are shown in Fig. 5b. Peaks A and 
B contain 84% of the original material, compared 
with 50 % in the experiment at 25°. 

Separation of bovine CO haemoglobin and bovine 
methaemoglobin at 2°. Material from peak C 
(Fig. 5a) was transferred to a collodion sac and 
dialysed under pressure. Rechromatography of 
this material on a fresh column gave only a single 
peak in the same position as in the original chro- 
matogram. It was also observed that this material 
was brown in colour and it gave an absorption 
spectrum similar to that of methaemoglobin. 
Therefore, a mixture of freshly prepared bovine CO 
haemoglobin and bovine methaemoglobin was 
chromatographed with citrate buffer of pH 5-81 and 
Na* concentration, 0:34. No change of buffer was 
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Fig. 6. Chromatogram of a mixture of bovine CO haemo- 
globin and bovine methaemoglobin at 2° on a column of 
IRC-50, column measuring 10:3x0-9cm. Buffer: 
sodium citrate pH 5-92, Na* concentration 0-34 g. ions/l. 
Amount on column: 2-6 mg. COHb and 1-7 mg. MetHb. 


made in this experiment or in any of the subsequent 
ones. A complete separation was obtained with CO 
haemoglobin eluted first as a symmetrical peak and 
the methaemoglobin eluted later as a very broad 
peak (R,=0-2 approximately). The yield of 
methaemoglobin was low, showing that it was 
adsorbed to an appreciable extent by the resin at a 
pH of 5-81. 

A much better yield of methaemoglobin was 
obtained when the mixture of CO haemoglobin and 
methaemoglobin was chromatographed in citrate 
buffer of pH 5-92 and Na* concentration 0-34 
(Fig. 6). Measurement of the absorption spectra 
showed that the first peak contained CO haemo- 
globin (yield almost 100%) and the second con- 
tained methaemoglobin (yield 70%). 

It thus appears that the poor yield of pure CO 
haemoglobins obtained in the original experiments 
at 25° were due, to a large extent, to the formation of 
methaemoglobin. As shown in the following experi- 
ments, quantitative yields can be obtained by 
working at the lower temperature (2°), by using 
freshly prepared proteins and by taking care to 
prevent methaemoglobin formation by saturation of 
the buffer with carbon monoxide. 

Separation of freshly prepared sheep foetal and 
bovine CO haemoglobins at 2°. Fig. 7 shows the 
chromatogram of a mixture of freshly prepared 
sheep foetal and bovine CO haemoglobins. The 
buffer was saturated with carbon monoxide. An 
almost complete separation was obtained with an 
overall yield of 98 %; approximately 99 % of bovine 
CO haemoglobin and 97% of sheep foetal CO 
haemoglobin. y 

Separation of sheep foetal and sheep maternal CO 
haemoglobins at 2°. The result of chromatographing 
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a mixture of sheep foetal and sheep maternal CO 
haemoglobins is shown in Fig. 8. In order to resolve 
these two haemoglobins, it was necessary to use 
a column 16-2 cm. in length, compared with 8-2 em. 
for the separation of sheep foetal and bovine CO 
haemoglobins. The overall yield was 88 %. 

Tests carried out on the CO haemoglobin eluted from 
the column. Tests carried out on bovine CO haemo- 
globin which had been chromatographed on a 
column of IRC-50 at pH 5-81 seem to indicate that 
the protein was unaltered by passage through the 
column. Bovine CO haemoglobin is more likely to 
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Fig. 7. Chromatogram of a mixture of freshly prepared 
sheep foetal CO haemoglobin and bovine CO haemo- 
globin at 2° on a column of IRC-50, column measuring 
8-4 x0-9 cm. Buffer: sodium citrate pH 5-81, Na* con- 
centration 0-34 g. ions/l. Amount on column: 2-37 mg. 
sheep foetal COHb and 2-22 mg. bovine COHb. 
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be denatured on the column than sheep haemo- 
globin because of its higher adsorption. 

Molecular weight. Osmotic pressure measure- 
ments were carried out by Dr G. S. Adair. The 
results are shown in Table 2. The molecular weight 
of CO haemoglobin eluted from the column agrees 
to within 2% with the average value for fresh 
preparations of bovine CO haemoglobin. 

Absorption spectra. The CO haemoglobin eluted 
from the column, its methaemoglobin and haemo- 
globin derivatives were examined spectrometric- 
ally. All spectrophotometric curves agreed well 
with those reported in the literature and there was 
no evidence for the formation of haemochromogen 
(Lemberg & Legge, 1949). 
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Fig. 8. Chromatogram of a mixture of sheep foetal CO 
haemoglobin and sheep maternal CO haemoglobin at 2° 
on a column of IRC-50, column measuring 16-2 x 0-9 em. 
Buffer: sodium citrate pH 5-81, Na* concentration 
0-34 g. ions/]. Amount on column: 2-8 mg. sheep foetal 
COHb and 3-0 mg. of sheep maternal COHb. 


Table 2. Osmotic pressures of bovine CO haemoglobin 


Measured by Dr G. S. Adair. Dialysate: 0-03mM-Na,HPO,, 0-01M-NaH,PO,, pH 7-42 at 0°. 


¢ (g. protein/100 ml. solution) 
a (osmotic pressure in mm. Hg reduced to 6°) 


4 


¢ 
M (mol.wt.) 
Average M 


Bovine COHb from column 


Bovine COHb (control) 





A. 
1-517 1-472 3-863 1-539 
4-181 4-021 11-59 4-249 
61 800 62 375 56 600 61 700 
64 600 65 131 63 600 64 500 
_ 64 900 — 64 100 


Other determinations of the mol.wt. of bovine CO haemoglobin (different preparations) gave 65700 + 1000 (mean of six 


1 


determinati - a) ~ 10-01 be 
eterminations) 7 6(1oRT Mu i¢ 1-0-01 bc 


3 6 =2-853-0-02109 c. 
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Crystallization. CO haemoglobin from the 
column crystallized more readily than a fresh 
ordinary preparation. The crystals consisted mainly 
of long thin needles (Fig. 9a). Fig. 9b shows crystals 
of bovine CO haemoglobin (prepared as described 
previously) and Fig. 9c shows crystals of once- 
recrystallized bovine CO haemoglobin. 


DISCUSSION 
Chromatography of cytochrome e 


The shape of the curve obtained by plotting the 
elution volume against the cation concentration 
curve at pH 7-0 may be partly explained on the 
assumption of a purely electrostatic interaction 
between protein and resin. Consider the equilibrium 
of sodium ions, Na*, and poly-ions, P+, between 
the resin and ambient phases. The exchange may be 
represented by the equation: 
ZNa,’ + P,"* = Py" + ZNa,"*, 
where Z is the number of sodium ions displaced 
when one poly-ion is adsorbed. 
From considerations of mass action (Kunin & 

Myers, 1950): 

[Pa] (Nas} _ 

[P,] [Nag]}® =” 








eb) oo (6) 


weak 


Fig. 9. (a) Crystals of bovine CO haemoglobin which had 
been eluted from a column of IRC-50. (6) Crystals of 
a fresh preparation of bovine CO haemoglobin. (Cc) 
Crystals of once recrystallized bovine CO haemoglobin. 
Magnification x 120. 
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[P,] is the activity of poly-ions in the resin phase, 
[P,] is the activity of poly-ions in the ambient 
phase, [Na,] is the activity of Na* in the resin phase, 
[Na,] is the activity of Na* in the ambient phase; 
Yr 
nai is the distribution coefficient of the poly-ions 

8. 
between the two phases and is equal to K,V, where 
V is the elution volume and K, is a constant 
(Consden et al. 1944). Therefore 
> _ ge [Nagl? 
V=K,—.- 

; [Nag]” 


If [P,] is small compared with [Nag], [P,] will be 
small compared with [Na,], and we may assume that 
[Nag] is virtually unchanged by the adsorption of 
poly-ions. 

As an approximation, we may assume that the 
Na* activity in the resin phase is proportional to 
the amount of Na* taken up by the resin. This 
varies with the Na* concentration in the ambient 
phase (Hale & Reichenberg, 1949): 


: Na* adsorbed by resine ]7 
V=K,| ————_—_———_ | . 
[Nas] 
Values of V were calculated for varying [Nas], 
putting Z in turn equal to 1, 2, 3, 4, 5and 6. Fig. 10 


Elution volume (arbitrary units) 





01 02 03 0-4 05 
Na*concentration (g. ions/I.) 


Fig. 10. Relationship between the elution volume of 4 
poly-ion and the Na* concentration in the ambient 
phase, derived by a consideration of mass action. —— 
Theoretical curves; -—~, experimental curve for cyto- 
chrome c. Z is the number of sodium ions displaced when 
one poly-ion is adsorbed. 
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shows the relationship between V and Na* concen- 
tration in the ambient phase, relative to a fixed 
value of V at a Na* concentration of 0-5. This has 
been arbitrarily placed at unity. It can be seen that 
the elution volume versus Na* concentration curves 
rise more steeply as Z increases. The experimental 
points for cytochrome are also included. 

No attempt has been made to fit a theoretical 
curve to that of cytochrome c, since the charge on 
the protein varies with the ionic strength, and, at 
the lower Na* concentrations, quite a large con- 
tribution can be expected from secondary short- 
range forces. Nevertheless, the above treatment 
gives a qualitative explanation of the rapid change in 
elution volume that occurs with increasing Na* 
concentration, in terms of multipoint attachment 
of the protein molecule to the resin by coulombic 
forces; the experimental curve arises no doubt by 
a summation of the effects of electrostatic inter- 
action and secondary forces of shorter range. 

The behaviour of cytochrome on the resin column, 
as shown by the continuous line in Fig. 2 is markedly 
different from that of an ampholyte of low molecular 
weight, such as the basic amino acid lysine. Lysine 
shows a marked maximum adsorption in the region 
of pH 7. As the pH rises towards its isoelectric 
point (pH 9-7), the lysine is desorbed and similarly, 
with falling pH, desorption also takes place due to 
suppression of the ionization of the resin carboxyl 
group. Cytochrome c (isoelectric point 10-1) is 
desorbed in a similar manner to lysine as the pH 
rises from 8 to 10, but it is not desorbed under 
acidic conditions. On the contrary, at pH 6-6-5 its 
elution volume rises rapidly and, under still more 
acidic conditions, the cytochrome band remains 
stationary at the top of the column. This high 
adsorption at pH values below 5-8 is not a unique 
property of cytochrome. A similar behaviour is 
found with lysozyme and the neutral proteins. 

The broken lines in Fig. 2 show the relationship 
between the amount of Na* ion taken up by the 
resin and the pH (Hale & Reichenberg, 1949; Topp 
& Pepper, 1949). It will be observed that the rapid 
rise in the elution volume of cytochrome in sodium 
buffers occurs over the same pH range as the rapid 
fall in the amount of Na* retained by the resin from 
buffers of comparable concentration. This suggests 
that the adsorption of cytochrome c that occurs at 
low pH is due to uncharged carboxyl groups on the 
resin, and that the mechanism of desorption at 
higher pH is concerned with the conversion of the 
resin into its sodium form. Thus, although electro- 
static forces diminish as the pH decreases owing to 
suppression of negative charges on the resin, these 
forces are replaced by a large increase in the con- 
tribution of secondary short-range forces. The in- 
crease in short-range forces is most probably due to 
the concomitant removal of a layer of electro- 
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statically bound water. With substances of high 
molecular weight, such as the proteins, the contri- 
bution of short-range forces towards the net 
adsorption affinity may be very large and may be 
sufficient to account for the high adsorption at low 
pH. With amino acids this contribution will be 
small and thus the observed desorption of lysine at 
low pH would be expected. In general the secondary 
forces may be regarded as hydrogen bonds and van 
der Waal forces, but it would appear from the 
chemical structure of the resin that hydrogen bonds 
play the major role. The resin has a very large 
number of carboxyl groups close together, but no 
large non-polar groups. 

The electrostatic attraction between protein and 
resin will depend on the net charge on the protein 
molecule and, to a lesser extent, on the distribution 
of that charge. The secondary forces will be in- 
fluenced by the configuration of the protein mole- 
cule, the nature of the side chains and the amount of 
water bound by the protein. It should thus be 
possible to separate proteins of the same net charge 
but with different molecular configurations, or 
proteins of the same molecular weight but with 
different net charges. Lysozyme and cytochrome c 
have approximately the same isoelectric point 
(10-5, 10-1) and molecular weight (15 000, 13 000), 
but their elution volumes are very different. With 
a column of IRC-50, 5 em. x 0-9 cm., cytochrome is 
eluted with 0-2m sodium phosphate buffer, pH 7-0, 
in 3-3 ml. and lysozyme in 26 ml. An example of 
the second type of separation is that of the carboxy- 
haemoglobins. 

Separation of the haemoglobins presents two 
major difficulties. First, the proteins are readily 
denatured and at their isoelectric points slowly form 
precipitates even at 0°. Secondly, the proteins are 
isoelectric near neutrality and thus the flat section 
of the adsorption/pH curve between pH 7 and 9, 
found with cytochrome c is absent. The isoelectric 
points of bovine, sheep maternal and sheep foetal 
CO haemoglobins are respectively 7-27, 6-90 and 
6-66, at 0° in phosphate buffer of ionic strength 0-02 
(Adair, private communication), but in the 0-1m 
citrate buffers used for the chromatographic 
experiments their isoelectric points lie somewhere 
between 4-5 and 5-6. The CO haemoglobins were 
individually subjected to electrophoresis in the 
apparatus of Tiselius (1937) and in 0-1M citrate 
buffer of pH 5-81 and Na* ion concentration 0-34 
each moved towards the positive pole. Thus in 
citrate buffer at pH 6, all the CO haemoglobins have 
a net negative charge and none is adsorbed by the 
resin. On the other hand, as is shown in Fig. 2, at 
pH 5 the carboxyl groups of the resin are almost 
wholly undissociated and adsorption of the haemo- 
globins is complete. The elution volume/pH data of 
the haemoglobins may thus be represented by a 
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family of steep curves falling rapidly from very 
high values to zero in the narrow range pH 5-6, the 
curves for the more acidic proteins being displaced 
to the left of those for proteins with higher iso- 
electric points. Owing to the extreme steepness of 
the curves, chromatographic behaviour is sharply 
dependent upon the pH and cation concentration of 
the buffers, and these must be accurately controlled. 
In the experiments described here, the pH was 
controlled to + 0-02. 


Closely related neutral proteins, such as the 
haemoglobins, may be successfully separated by 
elution chromatography using columns of IRC-50. 
The separation of proteins by chromatography is 
complicated by denaturation of many proteins on 
most of the common adsorbents. Denaturation or 
partial denaturation of a protein such as CO 
haemoglobin may take place if the protein is 
adsorbed very strongly on IRC-50. Thus, for the 
successful separation of neutral proteins which are 
susceptible to denaturation, it is best to arrange 
conditions so that all the proteins in the mixture 
move down the column with R, values> 0-5. This 
can be done by a suitable selection of the pH and 
Na* concentration of the eluting buffer. If more 
than one protein of the mixture move with an R,= 1, 
then the fraction containing these proteins should 
be rechromatographed under slightly more acidic 
conditions. 


SUMMARY 


1. The effect of pH and cation concentration of 
buffer on the adsorption of cytochrome c on the ion- 
exchange resin, IRC-50, has been studied in some 
detail. The behaviour of the protein on the resin is 
markedly different from that of ampholytes of low 
molecular weight such as the basic amino acids. 
Lysine is desorbed as the pH falls below 5 owing to 
suppression of the ionization of the resin carboxyl 
groups, but the adsorption of the protein is greatly 
increased under acidic conditions. It is suggested 
that this adsorption is due to a large increase in 
secondary short-range forces. 

2. Some closely related neutral proteins have 
been separated by elution chromatography on 
columns of IRC-50. Sheep foetal carbon monoxide 
haemoglobin has been separated from sheep 


maternal CO haemoglobin and from bovine CO 
haemoglobin and bovine CO haemoglobin from 
bovine methaemoglobin. The separation of the 
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haemoglobins is sharply dependent on the pH and 
sodium ion concentration of the eluting buffer. To 
obtain good yields, it is necessary to work at a 
temperature near 0° and to use freshly prepared 
proteins. 

3. Tests carried out on bovine CO haemoglobin 
eluted from the column indicate that the protein was 
unaltered by passage through the column. The 
material from the column could be readily crystal- 
lized. 

The authors wish to thank Dr G. S. Adair, F.R.S., for 
helpful discussions during the course of the work. Thanks 
are also due to Dr Adair for determining the molecular 
weight of the eluted CO haemoglobin and for help in the 
recrystallization experiments. The authors are indebted to 
Dr R.S. Comline for gifts of sheep foetal and sheep maternal 
blood. Part of this work was carried out during the tenure 
by one of us (N.K.B.) of a Dafydd Lewis Trust (Melbourne) 
Scholarship. 

The work described in this paper was carried out as part 
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Changes in the Protein Composition of Muscles of the Rat 
in Hypertrophy and Atrophy 


By DORIS M. STEWART* 
Department of Zoology, University of Washington, Seattle, Washington 


(Received 31 August 1954) 


Following denervation of skeletal muscle a number 
of changes occur. The most obvious of these is the 
progressive decrease in size or atrophy of the muscle. 
This involves a decrease in dry as well as wet weight 
of the tissue. That increase in size of a muscle may 
occur following section of the motor nerve was 
demonstrated in this laboratory by Martin & Sola 
(1948) and by Sola & Martin (1953). Approximately 
7 days after section of the left phrenic nerve, 
increases in wet weight of from 25 to 55% were 
observed in the hemidiaphragm of the rat. These 
increases in wet weight were accompanied by 
increases in total dry weight and the term hyper- 
trophy was therefore applied to the phenomenon. 
The hypertrophy proved to be transient; the muscle 
had returned to normal weight by about 30 days 
and this was followed by typical atrophy of denerva- 
tion. An attempt to duplicate the results in another 
laboratory was reported in a brief paper by Thomson, 
Morgan & Brodish (1951). These workers found no 
increase in dry weight, although an increase in wet 
weight was observed following denervation of the 
left hemidiaphragm. They suggested the increase in 
weight was the result of oedema. 

In view of the lack of confirmation of the entire 
result, a more complete analysis appeared desirable, 
and in any case so unusual a response to denervation 
warranted further investigation. To be considered 
a true hypertrophy an increase in protein content, 
involving the fractions normally present, should be 
demonstrated. An increase of protein in muscle 
induced to hypertrophy by the administration of 
hormones has been described. Bigland & Jehring 
(1952) obtained hypertrophy of the quadriceps 
muscle of the rat by injection of growth hormone, 
but found no increase in total tension development. 
This led to the suggestion that the new material 
laid down was not contractile material. In part 
because of this observation, Hume (1952) repeated 
the work and confirmed the increase in total protein 
but found no change in the relative amounts of 
sarcoplasmic, contractile and connective tissue 
proteins. Similar results were obtained with 


* Written during the tenure of a U.S. Public Health Service 
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Diseases and Blindness. Present address: Department of 
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muscles in which hypertrophy was induced by 
growth hormone plus testosterone. Because a 
relative decrease in myofibrillar ATPase activity was 
observed which was not accompanied by a relative 
decrease in contractile protein, Hume suggested 
that the new protein at this stage might be a pre- 
cursor of myosin. It was the purpose of the present 
research to determine whether the protein com- 
ponents of the denervated diaphragm increase 
during hypertrophy and whether in hypertrophy or 
atrophy there are changes in relative amounts of 
connective tissue, contractile and sarcoplasmic 
proteins. For comparison, analyses were made of 
the protein fractions in the normal levator ani 
muscle and in this muscle after hypertrophy 
induced by the administration of testosterone 
(Eisenberg, Gordon & Elliott, 1949). 


EXPERIMENTAL 


Materials and dissection techniques. Albino rats of the 
Sprague-Dawley strain were used for the analyses. Weights 
of the animals used were between 260 and 400 g. Denerva- 
tion of the left hemidiaphragm was accomplished by re- 
section of a portion of the left phrenic nerve, using the trans- 
thoracic approach of Sola & Martin (1953). Hemidia- 
phragms from five normal animals and from five or six 
animals at each of the intervals of 7, 15, 30 and 45 days after 
denervation were analysed in these experiments. The 
animals were decapitated and the diaphragms removed in a 
cold room at 2°. The procedure of Sola & Martin (1953) was 
used for dissection of the hemidiaphragms. After removal] 
of the dorsal slips each hemidiaphragm was weighed on 
a torsion balance. The calculation of the percentage hyper- 
trophy or atrophy of the muscle was based on these weights 
as described below. The central tendon and the posterior 
one-sixth of each hemidiaphragm were removed and dis- 
carded. These parts contain relatively much more con- 
nective tissue than the rest of the hemidiaphragm. The more 
muscular portion of the organ was then weighed, minced 
with scissors in a small evaporating dish and a sample part 
taken to be used for the determination of total protein 
nitrogen. The remainder, which weighed from a minimum of 
89 mg. in an atrophied hemidiaphragm to a maximum of 
281 mg. in one of the normal hemidiaphragms, was used for 
the protein fractionation. Calculation of the percentage 
composition of the muscle was based on the wet weight of 
the more muscular portion of each hemidiaphragm. 

The other muscle used in this work, the levator ani, was 
induced to hypertrophy by subcutaneous implantation of 
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testosterone pellets 30 days before killing. The method of 
Eisenberg e¢ al. (1949) was used for dissection of this muscle. 
After mincing, a sample of the tissue was removed for the 
total protein nitrogen determination and the remainder used 
for the protein fractionation. The levator ani muscles from 
five normal animals were analysed to determine the protein 
composition of the normal muscle. 

Protein fractionation procedure. The method of fraction- 
ation was that of Robinson (1952) with the slight modifica- 
tion that the direct determination of the contractile protein 
was omitted because of the small amount of muscle avail- 
able. A sample was taken for total protein nitrogen and the 
remainder was analysed for sarcoplasmic and connective 
tissue nitrogen and the contractile proteins were deter- 
mined by difference. 

The minced tissue was washed from the evaporating 
dishes with about 10 ml. of the cooled extractant solution into 
15 ml. Ten Brock Pyrex glass tissue grinders. The extractant 
solution had the composition: 0-1M-KCl, 0-0277M-K,HPO,, 
0-0163M-NaH,PO,, a pH of 7-1, ionic strength 0-2. After 
homogenizing by hand (the outer part of the homogenizer 
was held near the top while the ground glass plunger was 
rotated and moved slowly and uniformly up and down) for 
5 min. at 2° the material was centrifuged at 2000 rev./min. 
(693 g) for 1 hr. at 0°. The supernatant solution containing 
the sarcoplasmic proteins was decanted into a 25 ml. 
volumetric flask. Second and third extractions, each for 
2-5 min., with approximately 7 ml. of extractant solution 
were carried out in similar fashion. The three extracts were 
combined and made up to a volume of 25 ml. Samples of this 
were diluted with an equal volume of 30% (v/v) ethanol 
added from a fine capillary at 0°. The small precipitate of 
actomyosin was removed by centrifuging at 2500 rev./min. 
(1080 g) for 40 min. at 0°. Samples of the supernatant 
solution were taken for N determination. The residue 
remaining after extraction of the sarcoplasmic proteins was 
homogenized with 0-1N-NaOH for 2-5 min. and then centri- 
fuged at 2500 rev./min. (1082 g) for 40 min. at 0°. The 
extraction was repeated twice, and after the third extrac- 
tion the tissue was allowed to stand overnight in 0-1N- 
NaOH. The remaining material consisting mostly of con- 
nective tissue was next washed with 0-1N-NaOH solution 
into 50 ml. Pyrex glass centrifuge tubes and centrifuged. 
The supernatant solution was again discarded and the tissue 
allowed to stand one more night in 0-1N-NaOH at 2°. The 
residue was then washed with 5% trichloroacetic acid and 
digested in 2ml. of a mixture of 120 ml. concentrated 
sulphuric acid and 2 ml. selenium oxychloride. The 50 ml. 
centrifuge tubes were used in the digestion to avoid trans- 
ferring the protein to digestion flasks. Nitrogen determina- 
tions were made in duplicate by the method of Ballentine & 
Gregg (1947). 

Evaluation of results. For an estimate of the degree of 
hypertrophy or atrophy it was necessary to know the 
original weight of the left hemidiaphragm with a minimum 
of error. Sola & Martin (1953) determined the theoretical 
weight before denervation from the maximum body weight 
exhibited by the experimental animal and from the re- 
lationship between body weight and hemidiaphragm weight 
in a series of normal animals. In the work reported here 
twenty-two normal male rats were killed and the weights of 
the right and left hemidiaphragms determined after removal 
of the dorsal slips. Since the coefficient of variation for 
calculation of hemidiaphragm weights from body weight in 
this normal series was 7:-4%, another method was used 
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which permitted greater accuracy. The ratio, left hemi- 
diaphragm weight/right hemidiaphragm weight, was 
determined for the series of normal rats and was found to 
increase with increasing body weight. The coefficient of 
correlation for this relationship is 0-56. The ratio of the 
weight of the left to that of the right hemidiaphragm was 
plotted against body weight and a regression line fitted to 
the data by the method of least squares. The equation of the 
line is y=0-000222 +0-832, where y represents the ratio 
left/right and x the body weight at the time of death. Then 
from the ratio obtained from this equation for any particular 
animal weight, and from the weight of the normally in- 
nervated right hemidiaphragm, the original weight of the 
denervated left half was computed. The coefficient of varia- 
tion for calculation of hemidiaphragm weight by this 
method was 4:1%. 

As described above, the calculation of the percentage 
change in wet weight was based on the weight of the hemi- 
diaphragm including tendon, whereas only the more 
muscular portion was analysed. In the following calcula- 
tions it was assumed that the entire hemidiaphragm had the 
composition of the muscular portion analysed. Since the 
calculation of both the theoretical initial amount and the 
amount present after denervation was based on this 
assumption, any error introduced becomes negligible. 

In order to determine the extent of any change in total 
protein content during the periods of hypertrophy and 
atrophy it was necessary to know the amount present 
initially. From the theoretical initial weight of the hemi- 
diaphragm and the percentage total protein N in the normal 
left hemidiaphragm, the initial total protein N was cal- 
culated. It was further desirable to know which protein 
fractions contributed to any change in total protein content. 
Therefore the distribution of the protein fractions in the 
normal and in the denervated hemidiaphragms was deter- 
mined. From this information it was possible to calculate 
the amount present in each fraction initially and at each 
interval after denervation. These amounts were compared 
and the extent of change in each fraction was calculated. 

For the determination of the extent of hypertrophy 
induced in the levator ani muscles by the administration of 
testosterone it was necessary to compute the original weight 
of the muscle. The weight of the levator ani muscle in 
fifteen normal male rats was determined and plotted 
against body weight. A line was fitted to the points by the 
method of least squares. The equation of the line is: 
y =0-000655x + 0-029, where y represents the normal weight 
of the levator ani muscle and x the body weight at the time 
of death, the standard error of estimate, Sy =36-95. The 
theoretical initial weight of each muscle was determined 
from this relationship and the percentage hypertrophy 
calculated. The coefficient of variation was 13-2%. 


RESULTS 


The mean values for the protein N of the three 
fractions expressed as a percentage of the total 
protein N are presented in Table 1 for the normal 
right hemidiaphragm and the normal levator ani 
muscle of the rat. The normal levator ani muscle 
contains relatively more protein N and contractile 
protein nitrogen and less connective tissue and 
sarcoplasmic protein nitrogen than the diaphragm. 
That these differences are significant is shown by the 
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fact that the probability of their occurrence by 
chance is below the 2 % probability level (column d, 
Table 1). 

The percentage composition of the hypertrophied 
levator ani muscle is also shown in Table 1. The 
average extent of hypertrophy of the five muscles 
analysed was 39-25%, s.u.M.+ 5-65, s.p.+ 12-64. 
Comparison of the relative compositions of the 
normal and hypertrophied levator ani muscles 
indicates no significant difference in the two cases 
(column e, Table 1). Therefore, in this type of 
hypertrophy, the three protein fractions appear to 
increase during hypertrophy in proportion to the 
amount present initially in each fraction. Owing to 
the initially greater bulk of the contractile proteins, 
this fraction contributed the most to the increase in 
total protein. 

While a 30-day period was allowed for the hyper- 
trophy of the levator ani muscle, the hemidiaphragm 
had hypertrophied to almost as great an extent by 
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7 days after nerve section and by 30 days was 
already well atrophied. The results of protein 
analyses of the normal hemidiaphragms and of the 
experimental hemidiaphragms at the different 
intervals of time after denervation are given in 
Table 2. The percentage of the wet weight of the 
muscle represented by the total protein N did not 
change significantly through the period studied and, 
since a highly significant increase in wet weight 
occurred at 7 days, it is clear that synthesis of new 
protein occurred. 

The results of the analyses of the connective 
tissue, the smallest fraction, were quite variable. 
Unless there were synthesis of new connective 
tissue protein, a decrease in relative amount of this 
fraction might be anticipated. A decrease is shown 
in the table but, because of the variability of the 
data, the decrease did not prove to be significant. 
By 30 days, at which time an atrophy of 19% had 
occurred, the connective tissue as a percentage of 


Table 1. Protein composition of the normal right hemidiaphragm, normal levator ani 
and hypertrophied levator ani muscles 


Total protein nitrogen is expressed as mean percentage of the wet weight of muscle tissue+s.E.m. Connective tissue, 
sarcoplasmic and contractile protein nitrogen values are expressed as mean percentages of the total protein nitrogen 


+5S.E.M. S.D. in parentheses. 


Probability of difference 
Levator ani being due to chance alone 


A 





Normal right cr ~ my 
hemidiaphragm Normal Hypertrophied (d) (e) 
(a) (b) (c) (a and b) (6 and c) 
Total protein N 2-71+0-03 3-02 + 0-04 3-04 + 0-03 <0-01 0-7 
(0-08) (0-09) (0-06) 
Connective tissue 9-27 + 0-64 6-24+0-51 5-75 + 0-76 <0-01 0-6 
(1-42) (1-14) (1-71) 
Sarcoplasmic protein 29-20 + 0-62 26-84+ 0-43 26-06 + 0-42 0-015 0-2 
(1-39) (0-96) (0-94) 
Contractile protein 61-53 + 0-89 66-92 + 0-42 68-17 + 0-72 <0-01 0-2 
(2-00) (0-94) (1-62) 


Table 2. Protein composition of the left hemidiaphragm before denervation 
and at 7, 15, 30 and 45 days after denervation 


Total protein nitrogen is expressed as mean percentage of the wet weight of muscle tissue+s.E.mM. Connective tissue, 
sarcoplasmic and contractile protein nitrogen values are expressed as mean percentages of the total protein nitrogen 
+s.z.M. The probabilities of the differences from normal being due to chance alone are included. s.D. in parentheses. 


Normal 7 days 

Percentage change in weight + 33-86 + 2-03 
(4:55) 

Total protein N 2-69 + 0-05 2-56 + 0-04 
(0-12) (0-09) 
P=0-1 

Connective tissue 10-49 + 1-13 8-96 + 0-63 
2-53) (1-40) 
P=03 

Sarcoplasmic protein 28-92 + 0-52 30-76 + 1-07 
(1-16) 2-40) 
P=0-2 

Contractile protein 60-59 + 1-13 60-28 + 0-57 
(2-53) (1-27) 


P=0°8 


15 days 30 days 45 days 
+ 15-64 + 2-32 — 19-61 + 2-94 — 42-38 + 3-06 
(5-67) (6-59) (7-51) 
2-62 + 0-03 2-61+0-02 2-56 + 0-06 
(0-08) (0-05) (0-15) 
P=03 P=0-2 P=0-2 
9-89 + 1-03 13-80 + 0-52 20-45 + 1-07 
(2:51) (1-17) (2-62) 
P=0-7 P=0-03 P<0-001 
29-53 + 0-86 29-88 + 0-86 28-64 +0-73 
(2-10) (1-93) (1-78) 
P=06 P=0-4 P=0°8 
60-57 + 1-39 56-32 + 0-97 50-90 + 1-16 
(3-39) 2-17) (2-83) 
P=1-0 P=0-02 P =0-002 
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the total protein had begun to increase and by 
45 days the connective tissue represented about 
one-fifth of the total protein. These changes were 
significant. The sarcoplasmic proteins showed no 
really significant change in relative amount through 
either the stage of hypertrophy or atrophy. There- 
fore the sarcoplasmic proteins increased in pro- 
portion to the total protein increase during the 
period of hypertrophy and decreased in proportion 
to the decrease in total protein during the period of 
atrophy. The contractile proteins as a percentage of 
the total protein showed no significant variation 
from the normal at 7 days after denervation, this 
fraction also increasing in absolute amount in 
proportion to the increase in wet weight of muscle. 
From 7 to 15 days there was a decrease in the wet 
weight of the muscle. The fact that the percentage of 
contractile protein nevertheless remained constant 
may be taken as evidence that there was a decrease 
in the amount of contractile protein which was in 
proportion to the weight loss. By 30 days, however, 
at which time weights below normal were observed, 
this fraction as a percentage of the total protein had 
begun to decrease. Thus during atrophy the con- 
tractile proteins decreased as a percentage of the 
total protein as well as in absolute amount. 

Thus far only the percentage composition of the 
muscle at the various intervals has been presented. 
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To show clearly the effects of weight changes on the 
absolute amount of protein in each fraction, the 
percentage changes from the theoretical initial 
amounts have been calculated and the results 
presented in Fig. 1. In Fig. 1A are shown the per- 
centage changes from the initial amount of total 
protein nitrogen and from the initial wet weight at 
each period. Since the change in total protein 
nitrogen very closely paralleled the change in wet 
weight the hypertrophy may be accounted for by 
the increase in protein. 

The amount of connective tissue did not change 
significantly during either hypertrophy or atrophy 
(Fig. 1B), the probabilities of the occurrence by 
chance of the differences between the mean value at 
0 days and the means at each of the intervals after 
denervation all being above 40%. Therefore the 
apparent increase in connective tissue at 30 and 
45 days previously described is only a relative 
increase. In Fig. 1C and D are shown the respective 
changes in the sarcoplasmic and contractile protein 
fractions. Similar percentage increases were ob- 
served in these fractions at 7 days. However, 
owing to the greater bulk of the contractile proteins, 
they contributed more to the total increase in 
protein at this time. Approximately 60% of the 
increase in protein was contributed by the con- 
tractile protein fraction and 40% by the sarco- 
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1. A, change in total protein nitrogen, O—O, and change in weight, @—@®, from the theoretical initial values 
following denervation of the left hemidiaphragm; B, change in total connective tissue nitrogen from the theoretical 


initial amount; C, change in sarcoplasmic protein nitrogen from the theoretical initial amount; D, change in 
contractile protein nitrogen from the theoretical initial amount. 
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plasmic protein fraction. These fractions contri- 
buted 70 and 30 % respectively to the loss in weight 
which had occurred at 45 days. 


DISCUSSION 


Results of fractionation of muscle proteins have 
been reported by a number of investigators. 
Unfortunately most of them cannot be compared 
to the results presented here, since the different 
fractionation procedures have not resulted in the 
same degree of separation. Directly comparable are 
the values for chick muscle reported by Robinson 
(1952), whose method of analysis was used in this 
work on the rat diaphragm. Values which he 
obtained in chicken breast muscle 1 month after 
hatching were: contractile protein, 62%; sarco- 
plasmic protein, 33%; connective tissue protein, 
5% of the total protein. The values obtained here 
for two normal muscles of the rat, the diaphragm 
and the levator ani, are very similar to his values. 

Results of fractionation of the proteins of the 
quadriceps muscle from rats treated with testo- 
sterone plus growth hormone have been reported 
(Hume, 1952). This treatment resulted in an 
increase in weight but did not alter the relative 
amounts of the three fractions: connective tissue, 
sarcoplasmic protein and contractile protein. Simi- 
larly, no change in the relative amounts was ob- 
served in the levator ani muscle in this work but no 
more direct comparison can be made since she did 
not report numerical values. 

Hines & Knowlton (1933) undertook a study of 
changes in protein composition during atrophy of 
the gastrocnemius muscle of the rat through 7, 14 
and 20 days. They used phosphate solutions of 
different ionic strengths as extractant solutions, 
but their work suffered from the fact that insuffi- 
cient knowledge of the solubility of proteins was 
available at that time. Where Robinson used a 
solution of an ionic strength of 1-45 to extract both 
sarcoplasmic and contractile proteins, the ionic 
strengths of the solutions used by them varied 
from 2-62 to 4-72. A separation into sarcoplasmic 
and contractile protein groups probably was not 
accomplished. The relative amounts of the protein 
fractions in their study, which did not include 
connective tissue, did not vary during the period of 
atrophy. In the present work on the diaphragm, 
during the period of hypertrophy the sarcoplasmic 
and contractile proteins increased in absolute 
amount in proportion to the extent of the hyper- 
trophy. After the onset of protein loss, both of 
these fractions decreased in absolute amount, again 
in proportion to the loss of weight. The normal 
distribution of the protein was retained during the 
period of hypertrophy and the period of return to 
normal weight. However, with further loss of 
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weight the contractile protein not only continued 
the process of decrease in absolute amount but 
began to constitute a smaller percentage of the 
tissue, a percentage loss compensated by a simul- 
taneous increase in percentage of connective tissue. 
The atrophy, which amounted to 42% loss in wet 
weight at 45 days, was still not sufficient to have 
resulted in a decreased percentage of sarcoplasmic 
protein. 

Fischer & Ramsey (1946) and Fischer (1948) 
studied the changes in the properties of myosin 
after denervation. The actomyosin and myosin of 
denervated muscle were less readily extracted and 
only a smail fraction of that extracted was pre- 
cipitated by procedures ordinarily adequate for 
precipitation. Because the contractile proteins 
were not analysed directly this change was not 
observed in the work on the diaphragm. Although 
the contractile proteins were found to increase in 
amount with hypertrophy, it is possible that the 
properties of the new protein were different. 

A number of histological examinations of dener- 
vated muscle have been made. Chor, Dolkart & 
Davenport (1937) reported that by the end of 
2 weeks, longitudinal striations are apparent as a 
result of cleavage of small bundles of myofibrillae 
in the denervated gastrocnemius muscle of the 
monkey. They found that portions of the myofibrillae 
break down, the regions being replaced by a coarsely 
granular substance. From their histological in- 
vestigation they concluded that the sarcoplasm is 
the first protein to be involved, but that the myo- 
fibrillae also are affected in atrophy due to denerva- 
tion. Tower (1935), after studying the cat inter- 
osseus muscle, suggested that the nuclei and 
sarcoplasmic structures are affected first by dener- 
vation and reported no change in the myofibrillae 
for weeks after denervation. In a later report 
(Tower, 1939) it was suggested that the depletion 
may involve all parts equally since at the time 
when a 50-80 % reduction in mass has occurred the 
fibrils must be depleted although the cross and 
longitudinal striations are still in fairly good order. 

The results reported here do not support these 
views. The decrease in the sarcoplasmic proteins 
occurs at the same rate as the decrease in weight. 
The contractile proteins are lost more rapidly, so 
that with progressing atrophy this group of proteins 
comes to represent a smaller and smaller fraction of 
the total protein present. Apparently a large part 
of the contractile protein can be lost and yet leave 
the striations clearly visible. 


SUMMARY 


1. The gain in weight of the hemidiaphragm of 
the rat caused to hypertrophy by denervation was 
shown to be associated with an increase in protein. 
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2. The increase in protein in the hypertrophy 
caused by hormones was confirmed for the levator 
ani muscle of the rat. 

3. The percentage composition of the muscle was 
unchanged during the periods of hypertrophy and 
return to normal weight. With further loss of 
weight, the percentage of contractile proteins 
decreased and a corresponding increase in per- 
centage of connective tissue occurred. 

4. At 7 days after denervation a 36 % increase in 
absolute amount of sarcoplasmic protein accom- 
panied by a 27% increase in absolute amount of 
contractile protein was observed. At 45 days de- 
creases in absolute amount of these two fractions of 
45 and 54% respectively had occurred. 

5. There was no significant change in absolute 
amount of connective tissue during the period 
studied. 

The author acknowledges the support of Initiative 171 
Funds for Research in Biology and Medicine of the State of 
Washington, the kindness of Dr Kenneth Bailey who 
advised on methods of protein fractionation and kindly read 
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A Constituent of the Unsaponifiable Portion of Animal Tissue Lipids 
(Amax. 272 my.) 


By G. N. FESTENSTEIN,* F. W. HEATON, J. S. LOWE anp R. A. MORTON 
Department of Biochemistry, The University of Liverpool 


(Received 4 August 1954) 


The distribution of 7-dehydrosteroid (i.e. material 
showing ultraviolet absorption similar to that of 
provitamin D) in animal tissues has been studied by 
Glover, Glover & Morton (1952) and by Festenstein 
& Morton (1955). The small intestine is a relatively 
rich source in some species (e.g. guinea pig) but not 
in others. 

In the course of their work Festenstein & Morton 
noted the presence in the intestines of horse and pig 
(but not sheep or ox) of a constituent of the un- 
saponifiable fraction which showed an absorption 
maximum at 272 mp. 

The selectively absorbing substance was concen- 
trated by chromatography and characterized in 
terms of qualitative and quantitative ultraviolet 
absorption spectra in various solvents and by its 
adsorptive properties. Although horse intestine 


appeared to contain possibly 20 mg./kg. the yield 
of the richest concentrates was not very promising. 
A similar substance was found by Cain & Morton 
(1955) in horse liver but the investigation has been 

* Now at Department of Physiology, University of 
Witwatersrand, South Africa. 


hampered by the presence of other very persistent 
congeners. 

Some time later the ‘272 my. substance’ was 
again encountered. Unsaponifiable fractions from 
various tissues of both normal and vitamin A- 
deficient rats were chromatographed on alumina 
and a ‘rat 272 my. material’ was obtained and 
identified with the ‘horse and pig 272 mp. sub- 
stance’. More extensive study of various tissues 
from xerophthalmic rats and normal rats showed the 
substance to occur in kidney, liver, intestine and 
submaxillary gland, but to be absent from similarly 
separated fractions of bladder, testis and vagina. 
It is hoped in due course to comment upon the 
relative amounts of ‘272 my. material’ in the 
tissues of control rats and vitamin A-deficient rats. 
It is clear, however, that the livers and kidneys of 
vitamin A-deficient rats are a fairly good source, and 
the same substance has been observed in hen liver 
and kidney. It also occurs (Kantiengar, Lowe, 
Morton & Pitt, 1955) in cockerel liver and kidney 
and in guinea pig liver (Leat, private communica- 
tion). The present work records properties aiming at 
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characterizing the 272 my. substance. Itis proposed 
in what follows to use the abbreviation SA for the 
compound responsible for the absorption curve of 
Fig. 4 (A,,x. 272 my., inflexion 330 mu., flat peak 
near 410 mu.). 


EXPERIMENTAL 


Materials 


Fresh horse, sheep, ox and pig intestines were obtained from 
the Stanley Abattoir, Liverpool, and were treated in the 
manner described by Festenstein & Morton (1955). 

Normal rat tissues were obtained from adult animals of 
the stock colony which had been reared on Animal diet no. 4 
(British Extracting Co. Ltd., Bromborough Port, Cheshire) 
together with bread and milk. Vitamin A-deficient rats were 
produced by feeding weanlings the following diet: casein 
18 % (either (a) ‘ Low vitamin content’ from Genatosan Ltd., 
or (b) ‘Fat-free and vitamin-free’ from British Drug 
Houses Ltd.), rice starch 65 %, arachis oil 5%, Marmite 8%, 
salt mixture (Osborne & Mendel, 1913) 4%. When the rats 
exhibited loss of weight and xerophthalmia they were 
anaesthetized and killed by cardiac puncture, using a 
syringe and collecting blood. 


Methods 


A few portions of intestinal tissue were ground with sharp 
sand and anhydrous Na,SO, and the lipid was extracted with 
peroxide-free ether. The dry lipid was chromatographed 
on alumina weakened by treatment with water and the 
fractions were examined spectroscopically, using cyclo- 
hexane as solvent. More usually, however, portions of 
tissue were subjected to alkali digestion and the unsaponifi- 
able matter was extracted with light petroleum. The un- 
saponifiable fractions were chromatographed on alumina 
weakened with water (see helow). 

Rat tissues were treated as follows: to the moist tissue was 
added 60% (w/v) KOH (0-5 ml./g.) tissue and the mixture 
was heated on a water bath until it became homogeneous. 
Ethanol (2 vol.) was then added and boiling continued under 
reflux for 30-40 min., whereupon water was added and the 
mixture was extracted (five or six times) with ether (freshly 
distilled over reduced Fe). The combined ether extract was 
washed with water until free from alkali, dried over an- 
hydrous Na,SO,, filtered through a sintered glass funnel and 
taken to dryness under N,. 

Chromatographic separations were carried out on 
alumina (Grade O. P. Spence and Co. Ltd., Widnes) 
weakened with 2% (v/w) water. Ether, light petroleum 
(A.R. b.p. 40-60°) and mixtures of these two solvents, were 
used as eluents. Both solvents were dried over Na wire and 
redistilled before use, the ether being redistilled over 
reduced Fe. Fractions were taken to dryness under nitrogen 
and examined spectroscopically. 


Table 1. 
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RESULTS 

Pig intestine. The unsaponifiable material from pig 
intestine was fractionally crystallized and a solid fraction 
showing a weak maximum at 272 my. was chromatographed 
on 5% (v/w) watered alumina. 5% ether-light petroleum 
eluted a fraction (13 mg.) with H} “6 272 my. 5-0. This was 
rechromatographed and 2% ether-light petroleum eluted 
4mg. of material with H}%, 272 my. 7-6 and 4% ether-light 
petroleum eluted 4 mg. of similar material with H1%, 
272 mp. 4:2. The absorbing entity showed no selective 
absorption in the region 300-500 my. and was seen on the 
column as a faint yellow band. 

Horse intestine. A 12 ft. long portion of fresh intestine was 
carefully trimmed from fatty tissue adhering to the outside, 
most of the contents (hereafter referred to as mucus) were 
expelled by pressure along the length and the remainder was 
collected after longitudinal sectioning. 

The fatty tissue, the mucus and the intestine proper were 
saponified separately and the resulting unsaponifiable 
fractions were crystallized from methanol to remove most of 
the cholesterol. The residual unsaponifiable matter was then 
chromatographed on 5% watered alumina in each case. 

(a) Mucus. The unsaponifiable material from the first 
trial showed A,,,,, 270 my. H}%, 5-4 and that from the 
second trial (0-11 %) showed a similar broad band H}%, 4-7. 

On chromatography an orange zone passed down the 
column fairly quickly with light petroleum as the developing 
solvent. In one case a fraction (18 mg.) showing H}%, 22-5 at 
Amax. 273 mp. was obtained with 4% ether-light petroleum; 
in another experiment 2% ether—light petroleum eluted 
a substance with A,,,, 268 my. and 4% ether-light petro- 
leum a substance with the whole curve displaced (Aj... 
273 myu.). The most strongly adsorbed materials included 
cholesterol, 7-dehydrocholesterol and hydroxylated caro- 
tenoids. The least strongly adsorbed material showed 
selective absorption near 257 my. 

(b) Intestine. The unsaponifiable material (0-24% of 
weight of tissue) showed A,,,,, 270 mp. H}%, 4-3. 

On chromatography, light petroleum eluted a small 
amount of carotene together with material transparent to 
ultraviolet light; 2% ether—petroleum removed the remain- 
ing carotene and later gave a substance with A,,,, 270 mu. 
Ei% 29 and Apax, 405 mp. H}%, 1-25 (probably SA). 

In a second experiment 2% ether-light petroleum gave 
0-14 g. of eluted material A,,,,. 271 mp. Hi%, 20, and 4% 
ether-light petroleum 0-092 g. of material with A,,,,. 273 my. 
EX&,, 6. 

(c) Mesenteric fat. The unsaponifiable fraction after 
chromatography showed clearly the presence of carotenoids 
but not of other substances showing characteristic ultra- 
violet bands. 

(d) Variation of ‘270 mu. substance’ along the length of the 
intestine. Table 1 shows that the absorbing material is fairly 
evenly distributed and is not localized in the absorptive 
part of the gut. 


Variations in unsaponifiable matter along the length of a horse intestine 


Values in parentheses refer to mucus, others to intestine. 


Length from stomach end (ft.) 

Unsaponifiable (%) 

E{%,, 270-272 my. (gross, calc. on unsap.) 

Fiz, 270-272 mu. (calculated on unsap. but 
measured on best chromatographic fraction) 





0-13 13-24 24-26 
0-26 (0-15) 0-23 (0-25) 0-22 (0-21) 
3:3 (3-5) 2-8 (3-1) 3-7 
1-2 (1-4) 0-81 (1-5) 0-94 
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Table 2. Horse intestine lipids and unsaponifiable matter 
Mucus Intestine 
Wet weight (g.) 190 500 
Lipid (%) 1:8 0-98 
Unsaponifiable matter, direct saponification (%) 0-15 0-23 
EL%, 270-272 muy.: 
(i) Measured on selectively absorbing fraction 0-0038 0-0045 
after chromatography of unsap. but 
expressed on wet weight 
(ii) Measured on two absorbing fractions after ( (a) 0-0023 0-0067 
chromatography of lipid but expressed on + 
wet weight ((b) —-0-0012 0-0030 
Sum 0-0035 0-0097 





0 
230 250 270 290 310 
Wavelength (mp.) 


Fig. 1. 272 mp. fractions from chromatography of horse 
intestine lipid or unsaponifiable fraction. , a lipid 
fraction (0-097 %); - - - -, a fraction from unsaponifiable 
material (0-061 %). Both fractions also show a weak band 
with A,,,,, 405 mp. (0-97 and 0-61 % respectively). 





(e) Occurrence of compound SA in intestinal lipids. The 
experiments detailed below were undertaken to test the 
possibility that SA is a saponification artifact. 

A 13 ft. length of horse intestine was taken from the 
stomach end, the mucus expelled by squeezing and flushing 
with water. The mucus and intestine were each divided into 
two portions, one of which was saponified and the other used 
for extraction of lipid. Both lipids were chromatographed 
and the absorption spectra of the fractions were measured 
(Table 2). 

Fractions showing a well-defined absorption minimum 
near 245 my., a maximum near 272 my. and a much weaker 
peak near 405 mu. were obtained by both methods (Fig. 1). 
The curves are identical in shape and it seems clear that the 
substance responsible is not a saponification artifact. 

When the isolated lipid is saponified the yield of unsaponi- 
fiable matter confirms that obtained by direct digestion of 
mucus or tissue, but the 272 my. maximum is not shown. The 
substance responsible is labile to alkali (Table 4), but is 
protected in some way during the alkali digestion of tissue. 
This result eliminates the possibility that the absorbing 
material is a saponification artifact. 


Ox and sheep. Chromatography of unsaponifiable material 
from ox and sheep intestine revealed no substance absorbing 
selectively at 270 myn. Some carotene and ‘xanthophylls’ 
were, however, shown clearly in fractions from both mucus 
and intestinal tissue. 

Horse stomach. The stomach and 10 ft. lengths of small 
intestine nearest to the stomach and caecum (including 
duodenum and ileum respectively) were obtained from the 
same animal. The stomach was cut open transversely and 
undigested food was removed. The oesophageal region 
(white and non-glandular) was separated from the darker 
glandular region where gastric juice is secreted (Sisson, 
1943). The muscle layers could be peeled off easily using 
a scalpel. In each case the unsaponifiable fractions were 
chromatographed. 

The ‘272 mp. material’ was found in all the tissues ex- 
amined together with material showing appreciable ab- 
sorption at wavelengths greater than 320 mp. Table 3 
summarizes the results, and Figs. 2 and 3 indicate how the 
duodenal fraction shows the best 270 my. curve, and the 
fraction from the outer layer of the oesophageal region the 
worst curve from the point of view of definition. 

An unidentified carotenoid-like absorption spectrum 
(Amax, 430 my., inflexions 380, 410 and 460 mu. in cyclo- 
hexane) was found in fractions from horse mesenteric fat, 
horse duodenum, ox and sheep intestine. It was not found 
in extracts from horse ileum or stomach. Zechmeister & 
Tuzson (1935) state that carotene is the chief carotenoid of 
the horse, but also report what seems to be the same ab- 
sorbing entity as that mentioned here. 

Rat liver. The absorption spectra shown by the unsaponi- 
fiable matter obtained from the livers of both normal and 
vitamin A-deficient rats showed A,,,,,270 mp. In every case 
when these fractions were chromatographed on 2% 
watered alumina, 4% or 6% ether-light petroleum eluted 
a yellow fraction with A,,,,, 272-273 my., Amin, 237Mp., an 
inflexion about 330 my. and a very flat peak about 410 my. 
Compared with other tissues, rat liver proved a rich source 
of SA, fractions with H}%, up to 170 at 272 mp. being ob- 
tained after a single chromatographic separation. 

Rat kidney. The unsaponifiable materials from the kidney 
of normal and xerophthalmic rats were characterized by 
absorption spectra with A,,,,, 270 mp. When these fractions 
were chromatographed on 2% watered alumina, 4% ether- 
light petroleum always eluted a yellow band. The best 
fraction obtained was as follows (Z}%, in parentheses): 
Amax, 273 mp. (160-0), Amin, 237 mp. (42-5), inflexion, 
330 my. (11-5). 
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Rat intestine. The unsaponifiable materials from intestinal 
tissue of both control rats (small but definite liver stores of 
vitamin A) and frankly vitamin A-deficient rats, contained 
small amounts of SA (order 0-2-0-8% of unsap.). In each 
case a very clear-cut separation of SA from other substances 
was obtained using 4% ether-light petroleum for elution. 

Rat submazillary gland. A maximum at 270 mp. was 
characteristic of the unsaponifiable material from both 
control and vitamin A-deficient rat submaxillary glands. 
After chromatography on 2% watered alumina, 4% ether- 
light petroleum eluted a yellow zone. The best SA fraction 
obtained had A,,,,, 271 mp. H}%, 83-8 and the inflexion near 
330 my. was shown. 
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Other tissues of rat. Examination of bladder, testes and 
skin from around the eyes of both normal and vitamin A- 
deficient rats and the vaginas of vitamin A-deficient rats by 
similar methods, failed to show the presence of SA. 

Hen liver. The unsaponifiable matter from hen liver 
showed Anax, 271 mp. Chromatography on 2% watered 
alumina again yielded a 6% ether-light petroleum fraction 
characterized by Ana, 273 my., the #}%, was low (8-38) and 
definition poor. 

Hen kidney. Again, the unsaponifiable fraction exhibited 
Amax. 270 mp. and on chromatography, 4% ether-light 
petroleum eluted a yellow oil with A,,,,. 272-3 mp. Hi%, 
30-5. 


Table 3. Unsaponifiable matter from horse stomach and intestine 


% 
Tissue unsap 

Stomach glandular region: 

Muscle layer 0-14 

Outer layer 0-12 
Oesophageal region: 

Outer layer 0-145 
Intestine: 

Duodenum 0-185 

Tleum 0-19 


230 250 270 290 


(mu.) 

Fig. 2. ----- » Duodenum fraction 0-02%; ---, ileum 
fraction 0-015%; ——-, outer layer of stomach glandu- 
lar region 0-04%; --—--, muscle layer 0-05%; 

, oesophageal stomach region outer layer 0-018 %. 


310 








Ei%, 270-272 muy. after 
chromatography 
EY %, 270-—§_ ————__+—_—____,, 
272 mu. gross On wt. of On wt. of 


on unsap. fraction original tissue 
3-6 23 0-0012 
1-9 52 0-0007 
1-0 — aes 
2-6 48 0-0019 
3-1 41 0-0012 


320 360 400 440 480 
(mp) 
Fig. 3. ----- , Duodenum fraction 0-2%; -—--, ileum 
0-15%; —---, outer layer of stomach glandular region 
006%; —--—--, muscle layer 0-15%; ——., outer 


layer of oesophageal stomach region 0-07 %. 


Figs. 2 and 3. Absorption curves of ‘272 my.’ fractions obtained after chromatography of horse unsaponifiable material 
from different tissues (note change of scale at 320 my.). 
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Table 4. Absorption spectra of horse intestine and rat liver SA 


Tests carried out on best available fractions—see text. 


Horse intestine sample 


In cyclohexane 
A 


max. 


min. 


Inflexion 
Amax. (Very flat) 
P ( “er Enax|Emin) 
Ratio £y72/E'339 m.. 
In other solvents 
Light petroleum 
Ethanol 
Chloroform 
~0-1n Ethanolic HCl 
~0-1n Ethanolic KOH 


Rat liver sample 


(mp) (mp.) 
272 272-273 
235-236 235-237 
330 330 
410 410 
4-7 4-7 
13-7 14-0 
271-272 272 
275 275 
277 277-278 
273-5 275 


Peak destroyed Peak destroyed 


In cone. H,SO,, after 30 min. in dark at room temperature 


ae ts 
Inflexion 


Weak A,,ax. 
Ex my. H,S¢ )4/Eong my. (cyclohexane) 





Wavelength (mp.) 


Fig. 4. Absorption curves in cyclohexane for the best pre- 
parations of SA from: - - - -, horse intestine; and , rat 
liver. When SA is obtained in a state of established purity 
log Ei%, values can be converted to log (molecular 
extinction coefficient). 





Concentration of SA 


The first experiments were made on horse intestine 
material. Little success resulted from attempts to 
concentrate the material by partitioning between 
pairs of solvents. One fraction (75 mg. E}%, 70) 
was then shaken with five successive 5 ml. portions 
of cold methanol. The dissolved part (20 mg.) 
showed E}%, 124 and the residue (59 mg.) E}%,, 58. 
The latter was, however, qualitatively the better in 
the sense that it had much less interfering ab- 
sorption on the short wavelength side of the 
maximum. 


Chromatography on 7% watered alumina 


showed the absorbing material to be slowly eluted 
with 2% 


ether-light petroleum. By combining 


(my.) Ei. (muz.) Ei Ss, 
315 300 313-315 337 
360 160 355 182 
480 6-0 = _- 

—— 1-54 — 1-99 


Table 5. Fractions of S.A obtained by rechromatography 
of two rich samples 


Solvent for absorption spectra, cyclohexane. 


Two samples bulked and placed on column: 
_ (1) 17-5 mg. Amax, 272 mp., Ef S172. P=3-71 
(2) 16-9 mg. Anax, 272 mu., #1 %, 176. P=3-78 


Fractions obtained on chromatography. 


Fraction Amax. (Mp.) EXYSn, P 
(a) 272-273 144 3-12 
(b) 273 174 4-74 
(c) 272 159 2-86 


on 
Ey i,,.), and rechromatography, 10 mg. of a yellowish 
semi-solid material A,,,, 272 mp. L{%, 195 (cyclo- 
hexane) was obtained. This was chromatographed 
again and a very small amount of substance with 
slightly better persistence resulted. The spectro- 
scopic properties of this material are compared with 
those of the best samples of rat liver SA in Table 4, 
while Fig. 4 compares their ultraviolet absorption 
spectra. 

In view of the earlier experience with ‘horse 
intestine SA’, later attempts were made to concen- 
trate the rat liver substance on watered alumina. 
It has been found that 2 % water-weakened alumina 
is the most effective adsorbent for separation, SA 
being eluted with 4-6% ether-light petroleum 
mixtures. Using this procedure, two fractions 
totalling 344mg. and with A,,, 272-3 mp. 
E{%,, 172 (P=3-71) and 176 (P=3-78) were ob- 
tained. These were rechromatographed and three 
very viscous yellow samples of SA were obtained 
(a, b and c), all being eluted with 4% ether-light 
petroleum (see Table 5). 


fractions showing the highest persistence P (= E 


a pa a 


{ 


| 
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Although rechromatography did not increase the 
Ei%, value, it did raise the persistence of the best 
fraction (b) from 3-7 to 4-7. There are two possible 
explanations for this failure to raise the £}%, value 
by rechromatography; first, the material may be 
nearly pure and secondly, it is just possible that SA 
is mixed with a non-absorbing material from which 
it is inseparable chromatographically. This point 
will be mentioned later in the discussion. 

Substance SA failed to give an insoluble digi- 
tonide. 

Infrared absorption. The absorption curves 
of a, b and ¢ (Table 5) were recorded in CS, solu- 
tion (Grubb-Parsons double-beam spectrometer). 
Samples a and b could not be distinguished; the 
principal maxima were at 2915, 1656, 1608, 1379, 
1289, 1259, 1171, 1096, 1024, 980, 840, 741 cm.—}. 
Sample c differed only from a and 6 in that the peak 
at 1171 had disappeared and maxima at 1156 and 
1196 cm.— were present. Fig. 5 shows the infrared 
absorption spectrum of fraction b. 

Analysis. Fraction c contained no nitrogen and 
its molecular weight (Rast) was 430. Fraction b: 
C, 82-0; H, 10-25%; 0 (by difference), 7-75 %. This 
corresponds with C,,H,,O (requires C, 81-9; H, 
10-3%; mol.wt. 410) which from the mol.wt. 
indicates C,,H,,0,. 

Evidence for a second substance (with Xr, Ca. 
266 my.). A large number of ‘horse’ preparations 
eluted before or with carotene were combined 
(0-43 g.) and chromatographed again on weakened 
alumina. Light petroleum eluted 0-34 g. of material 
absorbing weakly at 257 my. Two small fractions 

land m were eluted when a little ether (5 and 10%) 
was added to the solvent (H}%, 266 my. 33 and 64. 
P=1-05 and 1-19 respectively, solvent: light 
petroleum). 

Both fractions were examined in cone. H,SO, and 
showed a sharp band at 273 mu. (/) also showed an 
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inflexion at 355 my. which became a definite band 
in (m). When the ultraviolet curves are corrected 
for end-absorption the rise in the 355 my. band (in 
cone. H,SO,) is found to run exactly parallel to the 
increase in concentration of the 266 mp. substance 
in (m). 

Cholesta-3:5-dien-7-one shows 4,,,, 269 mp. in 
light petroleum and A,,,, 356 mp. in cone. H,SO, 
at the correct relative intensities for identifying this 
substance. Although this is not conclusive it seems 
probable that the fractions / and m contain about 
15 and 45% respectively of the dienone or a 
closely related substance. 

Carotenoid. A carotenoid-like substance with 
Anax, 430 my. (inflexions at 410 and 460 mz.) was 
found in fractions from horse duodenum, mesenteric 
fat and ox and sheep intestine lipids. In all prob- 
ability this is a breakdown product of B-carotene. 
In a forthcoming paper Dr J. Glover and Dr E. R. 
Redfearn will compare these bands with those of 
10’-apocarotenal prepared by chemical methods 
from f-carotene. This compound could arise by 
oxidative metabolism of £-carotene in the gut and its 
presence is the likeliest explanation of the observa- 
tions here recorded. 

Hydrocarbon from horse intestine. A colourless 
hydrocarbon m.p. 57° (not sharp) was isolated from 
the combined light petroleum eluates (C, 85-2%; 
H, 14-6 %; mol.wt. (Rast) 503). This was probably 
a normal paraffin (C,,H,, requires C, 85-3; H, 
14-7%; mol.wt. 506). 


DISCUSSION 


Inspection of the spectroscopic characteristics, 
summarized in Table 4, and Fig. 4, together with the 
similar adsorptive properties, leaves little doubt 
that the horse intestine 272 my. material and rat 
272 my. material are the same. Isolated from 


1000 (cm-") 


2 13 14 (w) 


Fig. 5. Infrared absorption spectrum of fraction b (Table 5). 
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either source, SA shows the same position of A,,,. 
in different solvents and the same loss of selective 
absorption in ethanolic KOH. 

Fig. 4 shows that there is close agreement of the 
ultraviolet absorption spectra of the materials 
isolated from horse intestine and rat liver even when 
the spectra are subjected to the severe test of 
plotting log H}%, against wavelength. There is, 
however, a discrepancy between the sulphuric acid 
spectra; the horse intestine material shows a weak 
Amax, 480 mp. which is not exhibited by the rat 
liver material. As the H}%, values at corresponding 
points are slightly higher for the rat SA than for the 
horse SA in sulphuric acid, it is of interest to com- 
pare them at 480 my. Here the weak maximum of 
the horse material has E}%, 60-0 and the smooth 
curve of the rat material H}%, 46-0. Since, at this 
point, the relative intensities are reversed com- 
pared with other portions of the spectrum, it seems 
that the horse preparation contains an impurity 
not found in the rat product. At this point, it should 
be mentioned that substances other than SA (to be 
discussed in later communications) occur in rat 
tissue which also show A,,,,, 315 my. in sulphuric 
acid. Comparison of the ratio H 315 mp. (H,SO,)/ 
Exz2my. (cyclohexane) for the best fraction obtained 
from rat kidney (1-92) with that obtained from rat 
liver (1-99) suggests that these samples were free 
from such congeners. 

The methods employed in the isolation of SA 
impose sharp limitations upon possible chemical 
structure. The fact that SA occurs in tissue un- 
saponifiable fractions implies that it could be a 
hydrocarbon, a steroid, a fat-soluble vitamin, a 
higher alcohol or perhaps a decomposition product. 
The absorption spectrum does not fit that of any 
known fat-soluble vitamin, and the fact that SA 
occurs in the tissues of xerophthalmic rats makes it 
unlikely to be a decomposition product of vitamin A. 
Analysis rules out a hydrocarbon, but the molecular 
formula points towards a steroid or similar lipid 
having two oxygen atoms per molecule. Compared 
with cholesterol, which is eluted from 2% watered 
alumina by 8-10 % ether—light petroleum mixtures, 
SA must be relatively non-polar, because it is 
easily eluted from alumina of similar strength by 
4%, ether—light petroleum mixtures. This fact 
suggests that the two oxygen atoms present in the 
molecule are more likely to be ketonic rather than 
hydroxyl groups, a conclusion supported by the 
infrared spectrum which shows no significant band 
in the region 2-68—3-22 p., the wavelength region for 
the stretching vibrations of the hydroxyl groups. 

The dominant 270 my. band in the ultraviolet 
absorpiion spectrum suggests a chromophore con- 
sisting of either three conjugated double bonds or, 
of a keto group conjugated to two double bonds or 
an ene-dione. 
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At this point, the infrared spectrum may be 
helpful. The band at 6-22. (1608 cm.—) implies 
either a conjugated or unconjugated (C:C) double 
bond [if conjugated the band would be expected at 
6-21—6-33 y. (1610-1580 cm.—") if unconjugated the 
range is 6-06—-6-25y. (1650-1600 cm.-!) Miller, 
1953]. The peak at 6-04 yp. (1656 cm.—!) agrees with 
the stretching vibration of a conjugated ketonic 
group (Jones & Dobriner, 1949). Of the other 
principal bands shown in the infrared spectrum that 
at 3-43. (2915cm.—1) corresponds to —CH,— 
stretching and that at 7-25. (1379 em.-) to de- 
formation of the methyl group of an isopropyl con- 
figuration, while that at 8-54 yw. (1171 cm.—) agrees 
with the band due to the isopropyl] group as a whole. 
The bands beyond 8-5 p. (1176 em.) are associated 
with vibrations subject to effects of interaction 
(fingerprint region) and interpretation of the bands 
occurring here is not obvious. 

In view of the method of preparation of SA, and 
because of the absence of selective absorption in 
the region 1720-1760 cm.-!, the strong band at 
1259 cm.—! (7-94 ».) cannot be assigned to an ester; 
this band still requires explanation. 

From the foregoing, SA is probably a steroid or 
similar lipid with a double bond conjugated with 
either one or two ketone groups. Furthermore, the 
steroid is likely to possess a cholesteryl side chain 
and angular methyl groups at C,, and C,, in order to 
account not only for the molecular formula but also 
the csopropyl and —C—CH,; groups indicated in the 
infrared spectrum. 

The ultraviolet absorption spectra of steroids 
have been summarized and classified in a recent 
comprehensive review by Dorfman (1953). The 
number of chromophores corresponding with 
selective absorption at 270-275 muy. is not large 
(see Table 6), and the nearest behaviour to that of 
SA is shown by compounds containing the 8(9)- 
ene-7:11-dione chromophore. 


R 
0 


oO 


It is of interest to note that the carbonyl- 
stretching band for steroids with the 8(9)-en-11-one 
configuration is at 1660 cm.—!, whereas for steroids 
with the 11-one group only it is at 1710-1704 em. 
(Jones & Herling, 1954). The band at 1656 cm.—! in 
the infrared spectrum of fraction b (Table 5) has 
been assigned to the carbonyl groups. Unfortu- 
nately all the known substances which possess this 
chromophore also contain substituents at position 3. 
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Table 6. Steroids showing X,,,,, near 270 mp. 
See Dorfman, 1953. 


Chromophoric grouping Substance (my.) Gi. Ete, 
6:8(9)-Diene isoDehydrocholesterol 275 5300 138 
(ether) 
2:4-Diene Cholesta-2:4-diene 267 6300 171 
275 6300 
Enols of 2:3-diketones Cholestane-2 :3-dione 
cholest-3-en-3-ol-2-one 272 5000 125 
cholest-1-en-2-ol-3-one 270 8500 212 
(ethanol) 
Enol of 6:7-diketones 38-Acetoxy-cholestane-6:7-dione 
Cholest-5-en-6-ol-7-one or cholest- 275 10700 258 
7-en-7-ol-6-one (ethanol) 
8(9)-Ene-7:11-dione (i) 5a-Pregn-8(9)-ene-7:11:20- 268 6607 171 
trione-3f-ol acetate 
(ii) Cholest-8(9)-ene-7:11-dion- 269 6310 122 
3B-ol benzoate 
(iii) Methyl 3«-acetoxy-7:11- 272 8128 177 
dioxochol-8-enate 271 7079 154 
(ethanol) 
(iv) 3B-Acetoxyergosta-8:22- 270 8710 186 
diene-7:11-dione (ethanol) 
266 9360 200 
(isooctane) 


For 8(9)-ene-7:11-dione chromophore see also Fieser & Herz (1953). Fieser, Huang & Babcock (1953) and Fieser, 


Schneider & Huang (1953). 


Furthermore, the tendency to report spectra in the 
steroid field in terms of A,,, and e,,, only, 
means that inflexions are often not recorded in 
the literature. However, the curve for 38-acetoxy- 
ergosta -8:22-diene-7:11-dione (Heusser, Eichen- 
berger, Kurath, Diallenbach & Jeger, 1951) shows 
a minimum near 235 my. and apparently an in- 
flexion in the region of 330 my. The evidence is 
consistent with the presence of this chromophore 
in SA. 
Oo 


Oo 


SUMMARY 


1. A substance (SA) with an absorption peak at 
272 mu. (in cyclohexane), an inflexion near 330 mu. 
and a plateau near 410 mp. (H{%, 180, 13 and 
8 approx. respectively) has been obtained by 
chromatography on alumina of various animal 
tissue unsaponifiable fractions. 

2. SA is present in pig intestine, horse stomach 
and intestine, rat liver, kidney, intestine, and sub- 
maxillary gland whether from vitamin A-deficient 
or normal rats. SA was not found in unsaponifiable 


fractions from ox or sheep intestine or from 
bladder, testis and vagina of vitamin A-deficient rats. 

3. SA is not very strongly adsorbed on alumina, 
it contains two oxygen atoms (no hydroxyl) and 
a possible formula is C,,H,.0O, (molecular weight 
observed 430); it is alkali-labile, particularly so in 
the purer state. From the polarity, infrared and 
ultraviolet absorption and probable empirical 
formula, SA could be a steroid with a chromophoric 
grouping 8(9)-ene-7:11-dione. 

4. Horse intestine unsaponifiable matter con- 
tained small quantities of material slightly less 
polar than SA with d,,,, 266 my. (possibly cholesta- 
3:5-dien-7-one) a carotenoid (probably 10’-apo- 
carotenal) and a higher paraffin (m.p. 57°, mol.wt. 
503). 

This work was carried out during the tenure of a Johnston 
Fellowship, University of Liverpool (G.N.F.) an Agri- 
cultural Research Council Scholarship (F.W.H.) and an 
1.C.1I. Fellowship (J.S.L.). 


REFERENCES 


Cain, J. C. & Morton, R. A. (1955). Biochem. J. (In the 
Press.) 

Dorfman, L. (1953). Chem. Rev. 53, 47. 

Festenstein, G. N. & Morton, R. A. (1955). Biochem. J. 
60, 22. 

Fieser, L. F. & Herz, J. E. (1953). J. Amer. chem. Soc. 75, 121. 

Fieser, L. F., Huang, W. Y. & Babcock, J. C. (1953). 
J. Amer. chem. Soc. 75, 121. 








566 

Fieser, L. F., Schneider, W. P. & Huang, W. Y. (1953). 
J. Amer. chem. Soc. 75, 124. 

Glover, M., Glover, J. & Morton, R. A. (1952). Biochem. J. 
51, 1. 

Jones, R. N. & Dobriner, K. (1949). Vitam. & Horm. 7, 
293. 

Jones, R. N. & Herling, F. (1954). J. org. Chem. 19, 1252. 

Heusser, H., Eichenberger, K., Kurath, P., Dallenbach, 
H. R. & Jeger, O. (1951). Helv. chim. acta, 34, 2106. 


G. N. FESTENSTEIN AND OTHERS 


1955 


Kantiengar, N. L., Lowe, J. S., Morton, R. A. & Pitt, 
G. A. J. (1955). Biochem. J. 60, 34. 

Miller, F. A. (1953). Organic Chemistry, vol. 4, p. 122. Ed. 
H. Gilman, New York: John Wiley and Son, Inc. 

Osborne, T. B. & Mendel, L. B. (1913). J. biol. Chem. 15, 317. 

Sisson, S. (1943). Anatomy of Domestic Animals, 3rd ed. 
Philadelphia: Saunders. 

Zechmeister, L. & Tuzson, P. (1935). Hoppe-Seyl. Z. 234, 
235. 


The Determination of Calcium in Serum by Flame Photometry 


By R. W. R. BAKER 
Department of Chemical Pathology, Guy’s Hospital Medical School, London, S.E. 1 


(Received 29 June 1954) 


Since 1948, when Riehm first demonstrated the 
feasibility of the direct flame-photometric method 
for the determination of calcium in dilute solutions, 
this principle has been applied to analysis of soil 
(Stanford & English, 1949), milk (Keirs & Speck, 
1950) and serum (Severinghaus & Farabee, 1950). 
In the following year further reports of serum 
calcium determinations appeared from Leyton 
(1951) and from Mosher, Itano, Boyle, Myers & 
Iseri (1951), followed by those from Kapuscinski, 
Moss, Zak & Boyle (1952), Zak, Mosher & Boyle 
(1953), and Powell (1953). While the present 
account was being written, direct determinations 
on diluted serum have been described by Winer 
& Kubins (1953), Chen & Toribara (1953) and by 
McIntyre (1954). Several of the American authors 
used modified spectrophotometers, and in nearly 
all cases sera have been prepared for analysis by 
procedures involving oxidation, precipitation of 
calcium, or removal of sodium. The comparative 
advantages of simply diluting with water are 
evident. Although many forms of photometer, 
most of them elaborate, have been described, the 
desirability of using simple and relatively inex- 
pensive equipment still remains. 

The determination of calcium in blood by flame 
photometry presents peculiar difficulties. The con- 
centration of calcium is small but that of sodium and 
potassium large, while the concentration range of 
calcium occurring in human sera is narrow, so that 
considerable accuracy is required. The normal 
range in human serum is 9-0—11-5 mg. Ca/100 ml., 
and even grossly pathological conditions extend 
this ambit only to the limits 4-16 mg./100 ml. If 
precipitation and other pretreatment of the sample 
are to be avoided, the serum must be diluted at 
least tenfold, so that the final concentration of 
calcium is about 1 mg./100 ml. This dilute calcium 
solution emits very little light from a flame. The use 


of an interference filter permits the partial isolation 
of the calcium oxide red bands (approx. 62004), 
provided that didymium glass is used to reduce the 
excess of sodium light also emitted. In an acetylene-— 
air flame, maximum output of energy in the calcium 
bands is ensured, and the intensity of this light, 
although very low, can be measured either by the 
use of a photoconductive cell (Schwarz, 1948) as 
described below, or by means of photomultiplier 
apparatus. 

The construction and use of an internal standard 
photometer which has proved satisfactory for the 
determinations of calcium, sodium and potassium 
in diluted serum and other material are described 
below. 


EXPERIMENTAL 


Description of photometer 


The general lay-out of the instrument is shown diagram- 
matically in Fig. 1. 

The burner unit. Acetylene is burnt after admixture with 
the air-borne sample, and no atmospheric air enters the 
system. The brass Meker-type burner is shown in section in 
Fig. 2. The jet (A) is a standard welding component (British 
Oxygen Co. Ltd., London, type DH, 2 cu.ft./hr. i.e. 940 ml./ 
min.), and is screwed into position over a fibre washer (B). 
The top-plate (C), of brass, is perforated as shown. Acety- 
lene at a pressure only slightly above atmospheric enters at 
D and the air-mist through Z. The burner is clamped in a 
boss attached to a plate (A, Fig. 3) bearing a light-trap 
(B) and bolted to a plate (C) of similar outline brazed 
to the chimney-tube (D) which it supports. This tube 
has diametrically opposed apertures (HZ, E’) for exit of 
light, and a smaller hole (F) for insertion of a taper for 
lighting. 

Gas control and atomizer. Both acetylene and air are taken 
from industrial cylinders fitted with two-stage regulators. 
The acetylene regulator is fitted with an outlet needle-valve 
which is used as on-off control to avoid readjustment of the 
succeeding valve. Fine needle-valves incorporated in the 
photometer are used for both gases. Acetylene from its 
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Fig. 1. General arrangement of photometer. For significance of Fig. 2. Details of burner. 


P and Q see Fig. 7. 
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Fig. 3. Chimney unit and burner. 





control-valve passes through a flow-meter, a stock compo- 
nent (Rotameter Manufacturing Co. Ltd., Croydon), 
calibrated in c.c. cyclopropane/min. The air supply, adjusted 
similarly to a pressure of 15 Ib./sq.in. (1-06 kg./sq.cm.) read 
from a gauge fitted by a T-joint to the outflow tube, is led 
to the spray. This latter component (Fig. 4), derived from 
a basic design by Wright (private communication, 1951), is of 
concentric form with the gas-orifice in the centre and is 
made from Perspex, with an ebonite plug (A) to which a 
small vinyl plastic tube is fitted for admission of the sample. 
With air at 15 lb./sq.in., good operation is obtained with 
flow-rates varying from 1 to 25 ml. water/min. The spray is 
fitted into an aperture (A, Fig. 5) in a chamber of Perspex, 
so that the mist entering the chamber strikes the back of the 
outlet tube (B, Fig. 5), allowing removal of large droplets 
and the issue of a stably suspended sample to the burner. 
The condensate drains through a trap as shown. 

Optical system. As indicated in Fig. 1, this is symmetrical 
apart from different filters. Light, rendered parallel, passes 
through heat filters (Chance Bros. Ltd., Birmingham, 
ON 20) and then through filters which transmit Li light on 
one side and Ca light on the other. The beams finally con- 
verge on the apertures of the photocells. The latter are 
Schwarz photoconductive cells (Hilger & Watts, Ltd., 
London, F.T. 404), protected by shutters. The filters for Ca 
light are Chance OY1, ON16 and an interference filter 
(peak 6200 4, Barr and Stroud, Ltd., Glasgow). For lithium, 
a Chance OR 1 and an interference filter (peak 67004) are 
used. All are of 2 in. diameter. The Chance glasses are 
2 mm. thick, except for the ON16 (3 mm.). Examination 
with a spectrophotometer of the combinations of filters 
selected for use in the several determinations gave the results 
shown in Fig. 6, in which the wavebands used are indicated. 
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Fig. 5. The spray chamber. 





Na Ca Li K 


Na filter: OB2+OY1+ON20 
Ca filter: interference+-OY 1+-ON16-+ON 20 
Li filter: interference+OR1-++ON 20 
= K filter: OR1+OV1+ON16+ON20 


Characteristics of filter combinations. 


Fig. 7. Electrical circuit. 
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Electrical system. The photocells are matched for dark- 
current, fatigue and sensitivity. In the dark they have 
resistances of 8 MQor more; in operation they are equivalent 
to resistances of the order of 1-5-0-5 MQ. The electrical 
circuit is illustrated in Fig. 7. A fraction, V,, of the 
potential from one battery (determined by the potentio- 
meter Q) causes current (7,) through the cell S to flow through 
the galvanometer (G) in one direction, and potential V, 
derived from a second battery is adjusted until the current 
(i,) through the cell U, passing through @ in the opposite 
direction, balances i,. Choice of potentials depends 
on the characteristics of the individual photocells: values 
in the present instrument are quoted for guidance. For 
determination of Ca, 3v are used (B,, Fig. 7) while B, is 
of 30v. Cell S responds to light from the lithium and i, 
during operation is made equal to the value of 7, that is 
obtained on spraying a standard solution of unknown or 
mid-range concentration. When i, has thus been set up it is 
left unchanged for the course of the series of measurements. 
For each unknown solution sprayed subsequently, the 
setting of P in Fig. 7 is adjusted for null-point, and readings 
from a dial on this potentiometer (engraved with a reciprocal 
scale) indicate the concentrations of unknown. 

The galvanometer (4500, lya full-scale deflexion, 
Cambridge Instrument Co. Ltd., London) is damped by a 
capacity—resistance circuit, and is operated at any sensitivity 
in the range 1-5-150 ya full-scale deflexion by adjustment of 
the shunt (R, Fig. 7). Alteration of the sensitivity thus has 
no effect on the balance-point or on damping. 


Method for determination of serum calcium 
with internal standard 


Serum (1 ml.) is diluted with 5 ml. of 0-2 mm-Li,SO, and 
4 ml. of water. The standard solutions have the composition 
NaCl, 14-3 mm; KCl, 0-513 mm; Li,SO,, 0-100 mm; Ca (as 
CaCl,), 0-75, 1-0 or 1-25 mg./100 ml. They are made from 
a common concentrated stock solution containing NaCl, KCl 
and Li,SO,; samples of this solution are mixed with 
appropriate volumes of stock CaCl,, made from CaCO, and 
HCl, and brought to uniform volumes. These solutions are 
all kept in polythene bottles. 

The spray is adjusted to consume 4-9 ml. water/min. 
Acetylene is turned on to show 800-900 units on the scale of 
the flowmeter, and the flame is lit. The power supply is 
switched on and the cell shutters opened. With galvano- 
meter sensitivity about 50 % and the dial of P (Figs. 1 and 7) 
set at any convenient mark at the low end of its scale 
(maximum potential), the low standard (0-75 mg. Ca/ 
100 ml., corresponding to a 1 to 10 dilution of serum con- 
taining 7-5 mg. Ca/100 ml.), is sprayed and Q (Figs. 1 and 7) 
is adjusted for null-point. The medium standard is then 
sprayed and the sensitivity is adjusted so that the out-of- 
balance current in the galvanometer is equivalent to 
20-30 mm. deflexion. The setting of P for null-point is found; 
the high standard is next sprayed and the reading on P at 
balance is also recorded. A second series of readings with the 
standards allows minor adjustments to be made and provides 
data for the calibration graph. The diluted serum is now 
sprayed and the Ca content deduced from this graph. 
Several determinations can be made when the photometer 
has been set up, and the calibration checked at the end by 
repeating the standard readings. Minor drift in calibration is 
additive in nature and can be corrected by adjustment of Q 
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to retain balance at the original setting of P when one of the 
standard solutions is sprayed. 


Method for determination of serum sodium and 
potassium with internal standard 

With suitable filters, the instrument described above has 
been used satisfactorily for the determination of sodium and 
potassium. For sodium, the filters (Chance) are OY 1 and 
OB2; and for potassium (77004), OR 1 and OV 1. For either 
determination it was found convenient to use 1 in 101 
dilutions of serum: for determination of sodium, serum 
(0-2 ml.) is diluted by addition to 20 ml. of 0-25 mm-Li,SO, 
solution, while for determination of potassium 0-2 ml. of 
serum is added to a mixture of 10 ml. 2-2 mm-Li,SO, with 
10 ml. of 0-1 % (w/v) NaCl, the latter being included because 
of the enhancing effect of sodium on the emission of potas- 
sium (Domingo & Klyne, 1949). The procedure for determi- 
nation of sodium and potassium is analogous to that 
described for calcium. 


RESULTS 


Single-cell measurement of calcium. Although in 
applications of the photometer the internal-standard 
method is employed, single-cell measurements were 
used as an aid in development and in exploring the 
operating conditions. 

Comparison of the responses of a single photocell 
to calcium showed that acetylene produced about 
30 times the energy of coal-gas. Use of oxygen and 
air with the coal-gas did not increase the response 
significantly above that found with air only. When 
a barrier-layer cell was used, with an acetylene 
flame, sensitivity was still far lower than the 
minimum required for analysis of serum. With the 
Schwarz photorell, aqueous calcium chloride 
(1mg. Ca/100 ml.) gave a current of 0-31l,pa, 
corrected for water-blank (0-015ya). The dark- 
current and flame background-current were im- 
perceptible. A solution of potassium chloride 
(2mg. K/100 ml.) gave 0-009 a (corrected) and 
a sodium chloride solution (30 mg. Na/100 ml.) gave 
even less. Lithium sulphate (0-1mM) gave a 
corrected current in the ‘calcium’ cell of 6 % of that 
found with the calcium. Cell-currents bore linear 
relationships to the concentrations of calcium 
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sprayed. Variations of the air-pressure of the order of 
+20% caused only small changes in the rate of 
consumption of sample but resultant cell-currents 
varied by +15%. When the acetylene flow was 
changed, the effect was a little greater. With 
optimum values for air-pressure, spray-setting and 
acetylene-flow, repeated spraying of a calcium 
sample gave a deflexion with no significant drift, 
but which showed short-term (1-2 sec.) irregular 
variations within the range +10 to —5%. 

The use of lithium. In order to determine the 
correct concentration of lithium to be used as an 
internal standard, preliminary experiments were 
carried out with solutions of pure lithium sulphate, 
using the ‘lithium’ photocell. Under these condi- 
tions the potential (B,, in Fig. 7) was then chosen so 
that the rate of increase in cell current with in- 
creased lithium concentration matched the corre- 
sponding relationship for calcium (measured with 
the ‘calcium’ cell). With the battery potential thus 
adjusted, a standard concentration for lithium 
(10-*m) was then found so that the ‘lithium current’ 
approximately equalled the ‘calcium current’ for 
a concentration of calcium midway in the working 
range. The effects of calcium, sodium, potassium, 
phosphate and water on the ‘lithium’ photocell 
were all imperceptible. It was found, again by 
single-cell measurements, that variations in the 
flow rate of acetylene affected the responses to 
calcium and lithium as shown in Fig. 8, from which 
the rate for optimum stability can be deduced. 
At this optimum rate, changes in air-pressure led to 
only negligible changes in response. 

When the photometer was used with lithium 
internal standard in the optimum conditions found 
as described above, the stability was greater than 
under single-cell conditions; it was possible there- 
fore to use higher galvanometer sensitivity. 
Decrease in air pressure by 30% did not affect the 
accuracy of determinations, nor did + 15% change 
in acetylene flow. There was no discernible long- 
term change in the value of a given calcium solution 
when determined by simultaneous use of calcium 
standards, lithium being the reference-substance. 


Table 1. Estimation of Ca in inorganic solutions by photometric and titration methods 


The solutions contained Na and K equivalent to serum diluted 1 to 10. 


Concentrations found 








ea Se Rta cad se 
Photometer Titration 

Theoretical ——_—~—_- ; — ————— 

concentration Error Error 
(mg. Ca/l.) (mg. Ca/l.) % (mg. Ca/l.) (% 

9-0 8-9 -1-1 9-5 +55 

9-5 9-3 -1-9 9-7 + 1-9 

10-6 10-6 11-2 +53 

11-1 11-6 +45 11-4 + 2-7 

11-7 11-8 +0-9 12-2 43 
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Table 2. Ca content of different sera determined by photometric and titration methods 
Ca content (mg./1.) 
A 








Method ——- + 
Photometric 8-3 9-7. 9-7 9-9 9-9 10-3 10-4 10-5 10-5 
Titration 8-9 9-8 98 10-4 9-7 10-0 10-2 10-3 10-8 


Table 3. Recovery of Ca added to serum 
Results expressed as mg. Ca/100 ml. of undiluted sample. 


Added Ca Added Ca 
Ca added Ca found recovered Ca added Ca found recovered 
0 9-9 0 4-2 14-4 4-5 
1-1 10-9 1-0 9-1 18-5 8-6 
2-1 12-0 2-1 13-7 23-7 13-8 
3-2 13-0 3-1 18-2 28-1 18-2 


Table 4. Effect of variations in K, Na and phosphate contents of sample on apparent Ca concentration 
Samples diluted 1 to 10. 
(i) Na=330 mg./100 ml. True Ca = 10 mg./100 ml. 


K in sample (mg./100 ml.) 6 12 18 24 30 
Ca found (mg./100 ml.) 11-9 10-9 10-2 9-4 8-9 
(ii) K =20 mg./100 ml. True Ca =10 mg./100 ml. 

Na in sample (mg./100 ml.) 198 264 333 462 
Ca found (mg./100 ml.) 9-6 9-9 10-0 10-3 
(iii) Na =330 mg./100 ml.; K =20 mg./100 ml. True Ca = 11-6 mg./100 ml. 
P in sample (mg./100 ml.) 2 4 5 8 10 
11-5 11:3 11-0 10-9 11-1 


Ca found (mg. Ca/100 ml.) (average of 3) 


Nor did the calibration curve alter throughout 
a 1-5 hr. trial by more than enough to confer an 
error of +5%, while over shorter times the error 
was negligible. 

Use of lithium for additive cancelling out of back- 
ground effects (Leppinen, Krusius & Mettinen, 
1952), proved better than single-cell working, but 
inferior to the proportional null-point adjustment 


20 
described above. 
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Calcium determinations. The accuracy of internal- 
standard determinations of calcium was tested first 
with ‘unknown’ inorganic solutions which were also 
analysed by a standard oxalate method (with ceric 
sulphate titration, Vogel, 1948). Results are 
shown in Table 1. Sera were then analysed by 
the same procedures, with the results shown in 
Table 2. 

The results shown in Table 3 indicate that satis- 
factory recoveries of calcium added to serum are 
obtained by the internal-standard method. 

Interference effects. Inaccuracies due to variations 
in concentrations of sodium, potassium and phos- 
phate were studied, the range in each case being that 
700 800 900 1000 1100 1200 corresponding to the widest values expected in 
pathological sera. Whereas increase in sodium 
Fig. 8. Effects of acetylene flow-rate on (A), single-cell raised the apparent a. of calcium, 

currents for Ca (....) and Li (——-—); (B), ratio of Ca to Li increased potassium had the opposite effect. As | 

currents above; (C) readings by internal standard. True S€€P from Table 4, CFTrors. m the measurement of | 
serum calcium do not exceed 5%, even in the most 


Ca=10 mg. %, diluted 1 to 10, with Na and K as in : 
standards. Spray rate =5-2 ml./min. adverse clinical conditions, and can be corrected if 


Ca current/Li 





10 


,o 





Ca found (mg./100 mi.) 


Acetylene flow-rate (flowmeter units) 
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values for sodium and potassium are known. The 
effect of phosphate is also small. 

The introduction of 16 % (v/v) <sopropanol in the 
diluted samples increased the single-cell responses 
by 70% (see Alkemade, Smith & Verschure, 1951), 
but conferred no advantage in the internal-standard 
method. Fig. 8 shows the effect of acetylene flow- 
rate on calcium determinations made with the single 
cell and the internal standard methods. 


DISCUSSION 


The photometric determinations described give 
results which agree well with those obtained titri- 
metrically, and which show an average difference 
from theoretical of less than + 2% (Table 1). They 
are obtained rapidly and without elaborate pre- 
paration of the sample; measurements of serum 
calcium by the internal-standard method are much 
to be preferred to those made with a single cell. 

Although it is clear that use of an internal 
standard enhances stability and reproducibility 
(Spencer, 1950; Bernstein, 1952), it is essential to 
ensure that the conditions in which it is used are 
optimum. Failing this, use of the method may 
introduce errors greater than those occurring in 
single-cell determinations (Fig. 8). 

Of the bands in the calcium flame-spectrum, 
that at 62004 is detected most sensitively by the 
photoconductive cells, whose characteristic curve 
(Schwarz, 1950) shows a peak at 72004. With given 
illumination these cells pass current proportional to 
the potential applied, which may be up to 100v. 
Thus the sensitivities of a pair of cells may be 
matched easily by choice of potentials. The ultimate 
sensitivity (Schwarz, 1951) is of the same order as 
that of a photomultiplier tube. 


SUMMARY 


An internal standard flame photometer for estima- 
tion of calcium, sodium and potassium in serum, 
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with dilution as the only pretreatment of the sample, 
is described, and some results are reported. 


The author thanks Professor R. H. S. Thompson for 
continued interest and encouragement, Dr B. M. Wright 
(Medical Research Council Pneumoconiosis Unit, Penarth, 
Glamorganshire) for information generously given on sprays, 
Dr E. Schwarz (Messrs Hilger and Watts), who made the 
photocells to meet the present requirements and advised on 
their properties, and Mr G. Clough of this Department, who 
carried out titrimetric estimations of calcium. 
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Reactions of Free Haematins and Haemoproteins with Nitric Oxide 
and certain other Substances 


By JOAN KEILIN* 
Biochemical Department, University of Cambridge 


(Received 1 September 1954) 


The reversible combination of nitric oxide with 
haemoglobin was discovered in 1865 by Hermann, 
who observed the changes not only in the colour 
but also in the absorption spectrum of a solution of 
haemoglobin treated with nitric oxide in the 
complete absence of oxygen. By careful gaso- 
metric experiments he showed that haemoglobin 
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combines with the same amount of nitric oxide as 
of carbon monoxide and that the affinity of haemo- 
globin for nitric oxide was greater than for carbon 
monoxide, and therefore much greater than for 
oxygen. 

It was claimed by Linossier (1887) that free 
haematin also combines with nitric oxide. This 
reaction, which, as he mentions himself, was dis- 
covered by his students, was not clearly described 
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by him and its occurrence was later dismissed by 
Gamgee (1898) in his classical review of haemo- 
globin and its derivatives. However, according to 
Gamgee, nitric oxide appeared to form with 
‘haemochromogen’ a compound which ‘resembled 
oxyhaemoglobin spectroscopically, and he con- 
cluded that ‘this NO-haemochromogen awaits 
careful examination’. It must be mentioned here 
that at that time Gamgee had no clear view as to the 
relationship between reduced haematin (haem) and 
‘haemochromogen’, terms which were then often 
used for the same substance, or of the valency of the 
iron in the ‘haemochromogen’. 

The absolute spectrophotometric curve of NO- 
haemoglobin was given by Haurowitz (1924, 1926) 
and by Drabkin & Austin (1935), who confirmed 
that the affinity of haemoglobin is much greater for 
nitric oxide than for oxygen. Nitric oxide was 
found to form a less stable compound with met- 
haemoglobin, the absorption spectrum of which 
shows marked differences from that of NO-haemo- 
globin (Keilin & Hartree, 1937). 

The magnetic properties of NO-haemoglobin 
determined by Coryell, Pauling & Dodson (1939) 
show that the iron atoms in this compound are 
involved in octahedral-bond formation, having one 
unpaired electron per haem owing to the odd 
number of electrons in the NO-group. 

The object of the present investigation is to show 
that free haematins (ferric-porphyrin) and the 
corresponding haems (ferro-porphyrin) do combine 
with nitric oxide, under certain well-defined condi- 
tions, and to compare NO-haematin or haem with 
the NO-haemoprotein compounds. 

The study of these compounds is followed by a 
comparative examination of the reactivities of free 
Fe-porphyrin and of the Fe-porphyrin prosthetic 
group of the natural haemoproteins towards a 
number of different substances which include both 
the substrate and the well-known reversible in- 
hibitors of the biological activities of these haemo- 
proteins. 


EXPERIMENTAL 


Protohaemin. This was prepared by the method of 
Schalfejeff (1885) from horse or ox blood. 

Urohaemin. This was prepared by the method of Fischer & 
Orth (1934) from the octamethy] ester of uroporphyrin I, the 
free porphyrin having been isolated from the urine of a case 
of congenital porphyria. Urohaematin was used for these 
studies in addition to protohaematin, since it has been 
shown that, owing to the greater solubility conferred upon 
urohaematin by its eight carboxyl groups, it reacts with 
some substances far more readily than protohaematin 
(J. Keilin, 19496, 1950). 

Acetic acid. Twice-redistilled A.R. acetic acid was used. 

Nitric oxide. The gas was prepared by heating a mixture of 
NaNO, and FeSO,, 7H,O dissolved in dilute H,SO,, and 
was freed from all traces of NO, by passing it over pumice 
stone soaked in H,SO,. It was collected over mercury in 
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a gasometer (Hartree & Harpley, 1949) all connexions 
having been previously filled with O,-free nitrogen. 

Gassing of solutions. The solution under investigation was 
contained in a hollow-stoppered Thunberg tube. For 
spectrophotometric work a special Thunberg tube was used, 
the lower end of which consisted of an optical glass cell of 
0-5 em. light path. The tube was evacuated, flushed out 
twice with O,-free nitrogen and once with NO before being 
finally filled with NO. The tube was well shaken throughout 
the process in order to equilibrate the solution with the gas 
phase at each stage. 

Spectroscopic methods. A microspectroscope was used for 
the direct observations of the reactions. The absorption 
spectra in the visible and ultraviolet regions were deter- 
mined with the Beckman photoelectric spectrophotometer 
using the Thunberg tube described above. Since only one 
such tube was available, a 0-5 cm. optical glass cell con- 
taining the same reagents as the Thunberg tube (except for 
the haematin and the gas under investigation) was used as 
the blank. As the heights of the bands of the NO-haematin 
compounds tended to fall a little with time, fresh solutions 
were used for the visible and Soret regions of the spectrum 
respectively and the first determinations of the extinctions 
were made in the regions of the peaks of the absorption 
bands without delay since these extinctions are the most 
liable to change. 

The molecular extinction coefficient « is defined as 
follows: «= E/cl, where c=molar concentration of haemin, 
1=optical depth in em., and EZ (extinction) =log J,/I, where 
I, and J are the intensities of the incident and transmitted 
light respectively. 


RESULTS 


Reactions of uro- and proto-haematin 
with nitric oxide 
When a 6-16x10-‘m solution of urohaematin in 
0-02N or 0-1N-NaOH is saturated with nitric oxide 
in a Thunberg tube in the absence of oxygen, the 
colour of the urohaematin immediately changes 
from reddish brown to a bright red, and direct 
spectroscopic observation shows that the single 
diffuse absorption band of alkaline urohaematin at 
595 mu. is replaced by two sharp absorption bands 
of equal intensity lying at about 563 and 528 mu. 
These absorption bands are due to the formation 
of the alkaline NO-urohaematin compound. The 
absorption curves (Figs. 1 and 2) show, however, 
that under these conditions the urohaematin does 
not all react, the residual free urohaematin giving 
rise to a low band at about 600 mz. and to the 
shoulder at 396 my. on the short-wave side of the 
Soret band which lies at 416 mp. A similar type of 
absorption spectrum was noted in acid solution 
(0-006N acetic acid) but the optimum conditions for 
the formation of NO-urochaematin appeared to be 
in glacial acetic acid (urohaematin is precipitated 
by mineral acids). The spectrophotometric curves 
(Fig. 3) show that the absorption spectrum of acid 
NO-urohaematin consists of a sharp a-band at 
558 my. and a lower f-band at 525 my., the spec- 
trum in the visible region resembling that of a 
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haemochromogen. The Soret band (Fig. 4) lies at 
410 mz. but it is complicated by the presence of 
five small additional absorption bands lying at 389, 
373-5, 359-5, 347-5 and 337 mu. respectively. The 
origin of these bands will be discussed later. Uro- 
haematin did not appear to react with NO in 
neutral solution. 

Protohaematin was found to react similarly to 
urohaematin with NO in acid solution and the same 
five additional bands described above were found in 
the ultraviolet region (Figs. 5, 6). Direct observa- 


fs, NO-urohaem 
‘ . 


NO-urohaematin 





620 600 580 560 540 520 500 480 
Wavelength (myz.) 


Fig. 1. Absorption spectra in the visible region of uro- 
haematin, NO-urohaematin and NO-urohaem in 0-1N- 
NaOH. For details, see legend to Table 1. 
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440 420 400 380 360 340 
Wavelength (my) 
Fig. 2. Absorption spectra in the near ultraviolet of uro- 


haematin, NO-urohaematin and NO-urohaem in 0-1N- 
NaOH. For details, see legend to Table 1. 
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tion with the microspectroscope showed that proto- 
haematin in 0-007N-NaOH gave with NO a diffuse 
absorption band which showed two ill-defined 
maxima at about 570 and 535 my. but spectrophoto- 
metric curves of the brownish pink solution showed 
that there was only a single very broad plateau-like 
band extending from 575 to 535 my., the relatively 
steep sides of this plateau giving the impression of 
two maxima. Under more alkaline conditions 
(about 0-05n-NaOH) the rose-coloured solution 
became opalescent and two diffuse absorption 


NO-urohaematin 





640 620 600 580 560 540 520 500 480 
Wavelength (m.) 
Fig. 3. Absorption spectra in the visible region of uro- 
haematin and NO-urohaematin in glacial acetic acid. For 
details, see legend to Table 1. 
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Fig. 4. Absorption spectra in the near ultraviolet of uro- 
haematin and NO-urohaematin in glacial acetic acid. The 
extinction of glacial acetic acid saturated with NO is 
shown below (ordinate scale on right). For details, see 
legend to Table 1. 
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bands appeared at about 570 and 535 mu. of which 
the «-band was the stronger. 

In 0-007N-NaOH and in the presence of a few 
mg. of caffeine or 20-50% (v/v) ethanol as solu- 
bilizing agents, protohaematin gave with NO a clear 
rose-red solution with diffuse absorption bands in 
the visible region («€x10-* at 570 mp.=0-72; 
«x 10-* at 538 myz.=0-76) and a broad low Soret 
band centred at 395myp. («x 10-*=4-6). This 
absorption spectrum bears some resemblance to 
that of protohaem (Fe*+) but the ferric nature of the 
haematin in this NO compound may be shown by 
replacing the NO in the Thunberg tube with carbon 


NO-protohaematin 


Acid 
protohaematin 
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Wavelength (my.) 
Fig. 5. Absorption spectra in the visible region of proto- 
haematin and NO-protohaematin in glacial acetic acid. 
For details, see legend to Table 1. 
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monoxide: no CO compound is formed until the 
haematin iron is reduced by the addition of sodium 
dithionite (Na,.S,0,). 

Both uro- and proto-haematin reacted with 
nitric oxide generated in the solution by the action 
of acetic acid on a few mg. of sodium nitrite. The 
absorption bands of the NO-haematin compounds 
were, however, slightly displaced and their ex- 
tinction coefficients were a little lower than those 
of the absorption bands produced by treating the 
haematin with NO from the gasometer (Table 1). 
However, the use of acidified sodium nitrite for 
qualitative work enables experiments to be carried 
out in tubes and cells exposed to air. 
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Fig. 6. Absorption spectra in the near ultraviolet of proto- 
haematin and NO-protohaematin in glacial acetic acid. 
The extinction of glacial acetic acid saturated with NO is 
given below (ordinate scale on right). 









Table 1. Positions and extinction coefficients of the «-, B- and y-bands of compounds of urohaematin 
and protohaematin with and without NO 


Urohaematin 7-7 x10-°m for visible spectrum: 1-54x10-'m for near u.v.: 0-5 cm. light path. Protohaematin 
1-05 x 10-4 and 2-1 x 10-5 resp., except for the spectrum of protohaem in 0-1N-NaOH where the conens. were 1-31 x 
10-4 and 1-31 x 10-5 for the visible and u.v. spectra: light path 1-0 cm. Where applicable: Gas phase, 1 atm. NO; 


NaNO,, 5 to 10 mg./ml.; caffeine, about 5 mg./ml.; Na,S,0, 
extinctions (e) calculated on the basis of the total haematin 


, least amount giving reduction (about 1 mg./ml.). Molecular 
present as defined in the text. 








a-band B-band y-band 
r z C c tre ~ 
Wavelength Wavelength Wavelength 
Compound (my.) ex10-* (my.) ex10-4 (mu.) «x10 
Urohaematin in ACOH 620 0-39 498 0-695 395 9-5 
Urohaematin in ACOH +NO 558 1-62 525 1-26 410 15-8 
Urohaematin in AcOH + NaNO, 560 1-58 528 1-17 410-5 12-75 
Urohaematin in 0-1n-NaOH 595 0-75 483 0-82 396 10-3 
Urohaematin in 0-1n-NaOH + NO 562-5 1-07 528 1-08 416 11-6 
Urohaematin in 0-1N-NaOH + 568* 0-83 543 1-48 388 11-55 
NO +Na,S,0, 
Dihydroxyl urohaemt 578 0-76 546 1-4 435 11-0 
Protohaematin in ACOH 633 0-38 505* 0-85 383 8-5 
Protohaematin in ACOH +NO 563 1-68 528 1-215 414 10-¢ 
Protohaematin in AcOH + NaNO, 561 1-29 528 1-03 415-5 10-45 
Protohaematin in 0-1N-NaOH 610 0-46 — — 384 51 
Protohaematin in 0:007N-NaOH + 570 0-72 538 0-76 395 4-6 
caffeine + NO ° 
Protohaem in 0-1N-NaOH 565 0-61 — —_ 390 3-96 


* Shoulder on slope of main band. 





+ J. Keilin (19495). 
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The reduced form of NO-urohaematin 


As the iron of haematin is most easily reduced by 
sodium dithionite in alkaline solution, all experi- 
ments on the effect of NO on haem (Fe*+) were 
carried out in the presence of sodium hydroxide. 

Urohaematin in 0-1n-NaOH was treated with 
NO in a Thunberg tube containing a few mg. 
Na,S,O0, in the hollow stopper. As soon as the red 
NO-urohaematin was formed, it was reduced by 
inverting the tube several times and thoroughly 
mixing the contents with the Na,S,0,. The NO- 
urohaem thus obtained has a very broad but strong 
absorption band, the centre of which lies at 543 my. 
(Fig. 1), while the Soret band lies at 388 muy. 
(Fig. 2). It should be noted that in the absence 
of NO, reduction of urohaematin in 0-1nN-NaOH 
would give rise, not to urohaem with its single 
diffuse absorption band in the visible region, but to 
dihydroxyl-urohaem. This compound has two very 
well-defined bands of which the B-band at 546 my. 
is stronger than the «-band at 578 mu., while the 
Soret band lies at 435 muy. (J. Keilin, 19495). 


Reversibility of NO-compound formation 
with haematin and haem 


The reversibility of the reaction between NO and 
urohaematin can be demonstrated by preparing 
NO-urohaematin in glacial acetic acid in a Thun- 
berg tube as described earlier in this paper, and then 
evacuating the tube with constant shaking. The 
bright red colour of NO-urohaematin gradually 
turns to brown and after 30 min. evacuation the 
solution shows only the absorption bands of acid 
urohaematin. The disssociation of NO-urohaematin 
was followed directly by placing two portions of a 
solution of urohaematin in glacial acetic acid in 
wide, flat-bottomed, open glass tubes. A few mg. 
of NaNO, were added to each tube and as soon as 
visible gas production in the solutions had ceased, 
their absorption spectra were examined with the 
microspectroscope from above through the full 
depth of fluid. On the addition of a large excess 
(10-20 vol.) of glacial acetic acid to one tube the 
colour of the solution changed from red to brown 
while the absorption bands of NO-urohaematin 
became progressively weaker as the spectrum of 
free acid urohaematin reappeared. 

In alkaline solution reversibility of the reaction 
with NO is best shown by treating a solution of 
alkaline urohaematin in a Thunberg tube witha 
gas mixture consisting of 20% (v/v) NO and 80% 
(v/v) N,. A few mg. of Na.S,O, are added from the 
hollow stopper as described above. The tube is well 
shaken and the absorption bands of NO-urohaem 
are seen, but when the solution is allowed to stand 
for a few minutes these bands are replaced by the 
bands of dihydroxyl-urohaem. The NO-urohaem 
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spectrum may be restored by shaking the tube 
vigorously, but on standing the dihydroxyl-haem 
spectrum soon returns. The most likely explanation 
of these observations is that part of the small 
amount of NO that dissolves in the solution from 
this gas mixture combines with the urohaem. The 
rest of the NO in solution may react with the alkali 
present and perhaps also with the dithionite to 
give nitrous oxide and sodium nitrite. This alters 
the equilibrium and causes the NO-urohaem to 
dissociate, leaving the urohaem free to combine 
with NaOH to give dihydroxyl-haem. Vigorous 
shaking causes more NO to pass from the gas to the 
liquid phase and the cycle is repeated. 

If, however, pure NO is used instead of the gas 
mixture described, there is sufficient NO dissolved 
in the solution to prevent any dissociation of the 
NO-urohaem compound. 


The nature of the additional absorption bands 
in the ultraviolet region 


The additional absorption bands found between 
390 and 335 muy. in solutions of acid haematins 
treated with nitric oxide were found to vary in 
intensity with each preparation (Figs. 4, 6). It was 
observed that whereas the height of the Soret band 
tended to fall with time, the additional bands 
gradually increased in intensity. Moreover, their 
positions were constant and independent of the 
position of the Soret band which of course is deter- 
mined by the nature of the haematin, the absorption 
bands of protohaematin and its derivatives lying at 
longer wavelengths than the corresponding bands of 
urohaematin compounds. (It must be remembered 
that owing to the apparatus available neither NO 
nor NaNO, was present in the open control cell.) 
Control experiments with acetic acid alone, or 
nitric oxide alone showed no absorption bands in 
this region but glacial acetic acid or n-H,SO, 
saturated with nitric oxide gave a five-banded 
absorption spectrum which gradually increased in 
intensity (Table 2). The absorption spectrum of 
NO-saturated acetic acid which had been allowed to 
stand at room temperature for 11 days is shown in 
Figs. 4 and 6, where the extinction E is plotted 
against wavelength, and it can be seen that in the 
acid NO-haematin solutions similar absorption 
bands are superimposed on the slope of the Soret 
band. In the case of acid NO-haematin where the 
nitric oxide was formed by the decomposition of 
sodium nitrite in the solution, these additional 
absorption bands are very strong, the band at 
389 mu. being of the same height as the Soret band. 
It was thought that these absorption bands might 
be due to the reaction of NO with traces of oxygen 
dissolved in the solution to give NO,, but the 
absorption spectrum of NO, (Brewster, 1834) 
consists of hundreds of very fine lines distributed 
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Table 2. Positions and relative heights of absorption maxima and minima given by nitric oxide 
in acetic acid and N-H,SO, 














Max. I Min. I Max. II Min. II Max. III 
| as iw ; E > eae é » OF mn Pak ue : se. 
Acid (my.) E;* (mz.) E, (myz.) Ey = (myz.) = (my.) Ey 
AcOH 389 1-0 381 0-431 373-5 1-58 365 0-39 359-5 1-43 
n-H,SO, 386 1-0 381 0-87 372 1-51 366 0:74 358-5 1-46 
Min. III Max. IV Min. IV Max. V 
c ioc k » m > eae ees 
Acid (mz.) aie: (mp) Ey  (mp.) —mio-  (mp.) Ey 
Ey Eqy 
AcOH 352 4-25 347-5 0-97 340 0-477 337 0-535 
n-H,SO, 352-5 6-73 340 1-05 — — — — 


* An arbitrary value of 1-0 is assigned to EZ for the first maximum and the extinctions of the other bands are expressed 


relatively to it. 


throughout the whole spectrum, so the five ab- 
sorption bands encountered here are most likely due 
to some other nitrogenous derivative formed by 
nitric oxide in acid solution. 


Effect of azide, fluoride and sulphide on 
proto- and uro-haematin 


Sodium azide, sodium fluoride and sodium 
sulphide which, like nitric oxide, so easily combine 
with methaemoglobin and other haemoproteins 
were each added to solutions of protohaematin and 
urohaematin under a great variety of conditions and 
the absorption spectra of the solutions were ob- 
served with the microspectroscope. No changes in 
the absorption spectra of the haematins attributable 
to compound formation between the haematin and 
these substances were seen when examined in 
phosphate buffers covering a wide range of pH, in 
0-1n-NaOH, 0-1N-KH,PO, or in acetic acid. This 
does not, however, necessarily rule out the possi- 
bility that such compounds might be formed under 
some other conditions which have yet to be found. 


Reactions of myoglobin with hydrazine and pyridine 


It was shown by Schumm (1925) that whereas 
haemoglobin treated with hydrazine rapidly forms 
a typical haemochromogen with its «-band at 
558 mp., myoglobin treated in the same way has 
a many-banded absorption spectrum consisting of 
two sharp bands at 566 and 554 mu. and two diffuse 
bands at 536 and 528 mp. A band at 582 my. may 
precede the development of this spectrum but is 
usually seen for only a short time. These findings 
were confirmed by Bechtold (1935) and a similar 
absorption spectrum was obtained by Kiese & 
Kaeske (1942) on treating myoglobin with hydra- 
zine and pyridine and by Gonella & Vannotti 
(1943), who treated myoglobin with dilute aqueous 
pyridine. According to these workers the ab- 
sorption spectrum belongs to two compounds; the 


one having its «-band at 565 muy. differing from 
myglobin in that the Fe, while remaining attached 
to globin, is also co-ordinated with a molecule of 
pyridine. The second compound having its «-band 
at 554 mu. is an ordinary pyridine haemochromogen 
in which the haem iron is linked with two molecules 
of pyridine. This haemochromogen they believe to 
be formed from free protohaem adsorbed on to the 
myoglobin. 

In the course of the present study the observa- 
tions made by the above workers on the reactions of 
myoglobin with both pyridine and hydrazine were 
confirmed. Thus when a solution of myoglobin is 
treated with pyridine, two «-bands are seen, of 
which the band at 565 my. is always much stronger 
than the one at 554 mp. The ultraviolet region of 
the spectrum shows a broad asymmetric Soret band 
with its maximum at 423 my. The shoulder on the 
longer wavelength side of this band is probably due 
to a band centred at about 434myp. It seems 
reasonable to assume that the band at 423 mu. is 
the Soret band of the compound possessing the 
stronger absorption spectrum («-band at 565 mz., 
B-band at 536 my.) while the band at 434 mu. is the 
Soret band of the compound possessing the weaker 
spectrum («-band at 554 my., B-band at 528 muz.). 
A band at 580 mu. which is in the position of the 
«-band of oxymyoglobin is often seen together with 
the other bands and can be made more intense by 
shaking the solution vigorously so as to aerate it. 

It is suggested that in the compound responsible 
for the absorption spectrum with an a-band at 
565 mp. the haem remains attached to the native 
globin through both the porphyrin and the Fe. The 
5th co-ordination bond of the iron atom unites it 
with a haem-binding group of the globin, while the 
6th bond links it to a molecule of pyridine instead 
of water as in the case of myoglobin. This seems 
to be a probable explanation of the absorption 
spectrum and the compound, which can be con- 
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sidered as a ‘hybrid haemochromogen’, is very 
similar to cyan-haemoglobin or cyan-myoglobin 
obtained by reducing cyan-methaemoglobin or 
cyan-metmyoglobin respectively. On the other 
hand, the compound with the «-band at 554 or 
555 mu. is probably a pyridine haemochromogen 
(two molecules of pyridine co-ordinated with the 
haem Fe, one on either side of the flat haem mole- 
cule) in which the haem remains attached through 
its porphyrin ring to the native globin. This 
explanation is supported by the fact that the 
absorption spectrum of this compound is given by 
twice-recrystallized myoglobin, which is devoid of 
free haem, and the absorption bands are nearer the 
blue end of the spectrum than those of an ordinary 
pyridine haemochromogen («-band at 558 my.). It 
is well known that the attachment of a protein 
molecule to a free porphyrin or to the porphyrin 
ring of a haem molecule brings about a greater state 
of dispersion of the pigment with a resultant shift 
of the visible absorption bands towards the blue 
end of the spectrum (Hill & Holden, 1926; Hauro- 
witz & Waelsch, 1929). 


DISCUSSION 


Itis well known that nitric oxide combines reversibly 
with haemoglobin and methaemoglobin. As to 
its reactions with the iron of the free prosthetic 
groups of these haemoproteins, the information so 
far available was very incomplete and contra- 
dictory. The experiments described in this paper 
have established that nitric oxide reacts reversibly 
with both free haem and haematin, forming 
compounds the absorption spectra of which are 
recorded here for the first time. Thus nitric oxide 
has the property of combining with the bivalent and 
tervalent iron of haem and haematin respectively 
both when they are free and when, as prosthetic 
groups, they form part of haemoprotein molecules. 
Of all the other nitrogenous substances known to 
react with haemoglobin and its derivatives, this 
remarkable property of nitric oxide is shared only 
by cyanide. On the other hand, cyanide in its 
reactions with free haem differs from all other 
nitrogenous substances in that it can form two 
distinct compounds containing one and two CN’ 
groups per haem iron respectively (Anson & 
Mirsky, 1928; Hill, 1929; J. Keilin, 1949a). 

In the case of the haemoproteins, cyanide com- 
bines most readily with the ferric iron of methaemo- 
globin giving a very stable cyan-methaemoglobin 
complex. When the complex is reduced with 
sodium dithionite, its characteristic absorption 
band at 540 mp. is replaced by two bands at about 
562 and 535 my. This haemochromogen-like ab- 
sorption spectrum belongs to cyan-haemoglobin, 
a hybrid cyan-native-globin haemochromogen. The 
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compound is unstable, and on standing soon gives 
rise to ordinary haemoglobin (Balthazar & Philippe, 
1926; Anson & Mirsky, quoted by Stitt & Coryell, 
1939). Cyan-myoglobin, on the other hand, is 
much more stable (Kiese & Kaeske, 1942) and can 
be obtained not only by reducing cyan-metmyo- 
globin but also directly by treating myoglobin with 
cyanide. The magnetic properties of cyan-haemo- 
globin were determined by Stitt & Coryell (1939), 
who found it to be diamagnetic, having the iron 
linked to the surrounding atoms by covalent bonds. 

Although zsocyanide (carbylamine), like cyanide 
and nitric oxide, combines reversibly with the 
bivalent iron of haem and haemoglobin (Warburg, 
Negelein & Christian, 1929), it differs from cyanide 
and nitric oxide in that it does not combine with the 
tervalent iron of haematin and methaemoglobin. 

The reactions of cyanide and nitric oxide with 
haemoglobin and its derivatives are of special 
interest considering that other substances are so far 
known to react either with the free prosthetic group 
or only with the haemoprotein and when they do 
react with both, it is only when their iron is in either 
the bivalent or tervalent state. Substances which 
are capable of reacting with haems, haematins and 
haemoproteins can therefore be classified as shown 
in Table 3 into three groups, A, B and C. In this 
table, in which only the more important reactions 
are considered, the term iron-porphyrin includes 
protohaematin, which is the prosthetic group of 
nearly all natural haemoproteins, and urohaematin 
which is more soluble than protohaematin and has 
no tendency to polymerize or aggregate. Of the 
haemoproteins only haemoglobin and myoglobin 
are considered here, although other haemoproteins 
such as catalase and peroxidase have many pro- 
perties in common with methaemoglobin (Keilin & 
Hartree, 1951). 

The reactivities of free Fe-porphyrins and of 
haemoproteins with the substances recorded in this 
table will be considered here only in terms of their 
co-ordination with the iron atom. In this respect it 
is important to recall that haematin is a flat mole- 
cule, the iron atom fitting tightly in the centre of 
the porphyrin ring. Of the six co-ordination bonds 
of the iron atom, four lie in the plane of the molecule 
and join the iron to the nitrogen atoms of the four 
pyrrol nuclei; the other two bonds (5th and 6th), 
lying one on each side of the flat haematin molecule, 
link the iron to two other groups which are: one 
molecule of water and one hydroxyl group in 
alkaline haematin (Fe*+), two molecules of water in 
haem (Fe?+) (Davies, 1940) and two molecules of 
a nitrogenous base in the parahaematins (Fe**+) and 
in the haemochromogens (Fe?*). 

In haemoglobin and methaemoglobin, the 5th 
co-ordination bond is occupied by a nitrogenous 
group of the protein while the 6th joins the iron 
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atom to a molecule of water (Haurowitz, 1951). The 
latter, in haemoglobin, can be replaced by a mole- 
cule of oxygen, carbon monoxide, carbylamine, etc., 
while in methaemoglobin it may be replaced by a 
hydroxyl, fluoride, cyanide, azide or sulphide 
group. The electronic configuration of the iron atom 
precludes it from co-ordinating with more than six 
groups but this does not prevent the porphyrin side- 
chains in free haematin, or some groups of the 
protein in the haemoprotein molecule, from com- 
bining with different substances. In the case of 
a haemoprotein, although the formation of such 
a compound might affect to some extent the affinity 
of the haematin iron atom towards certain sub- 
stances, it has no effect on the absorption spectrum 
of the haemoprotein, which is determined by the 
valency of the iron, the nature of the bonds uniting 
it with surrounding atoms and the nature of the 
substances coordinating with it. 

The study of the reactions shown in Table 3 
suggests a number of interesting problems but only 
a few of them can be discussed here. One may ask 
why substances of group A, which combine so 
readily with free haem or haematin, do not appear to 
combine with haemoproteins? The failure of the 
haemoprotein iron to react with these substances 
may be due partly to steric hindrance, as might be 
expected in the case of the larger molecules such as 
denatured proteins, polypeptides or even nicotine 
and partly to the tendency of these substances to 
denature the haemoproteins when used in concen- 
trations high enough to react with the haem iron. 
In fact it has been shown that myoglobin, which is 
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less easily denatured than haemoglobin, reacts 
reversibly with hydrazine and with pyridine. 
However, the concentrations of the latter substances 
required for this reaction are much higher than the 
concentrations at which they combine with free 
haem and haematin to give the corresponding 
haemochromogen and parahaematin compounds 
respectively. On the other hand, no satisfactory 
explanation can be offered to account for the fact 
that azide and sulphide and fluoride, which combine 
so readily with the tervalent iron of the haemo- 
proteins as well as with free iron, fail to react with 
the iron of free haematin. It is possible that these 
substances may react with free haematins under 
conditions that have not yet been found. That such 
a possibility cannot be eliminated at this stage is 
indicated by the very special conditions which were 
required for the reactions of free haematins with 
certain amino acids and peroxides (J. Keilin, 1950, 
1952) and, as was shown in the present paper, with 
nitric oxide. It is also difficult to explain why, of 
all the substances so far examined, only nitric oxide 
and the cyanide ion are capable of co-ordinating 
with the bivalent and tervalent iron of haem and 
haematin respectively both when they are free and 
when, as prosthetic groups, they form part of the 
haemoproteins. A proper understanding of the 
reactions discussed above may help in elucidating 
the mechanism of the interactions between native 
proteins and their haematin prosthetic groups 
whereby the molecule may acquire the properties 
of an oxygen carrier or of a very active oxidizing 
catalyst. 


Table 3. Reversible reactions of free Fe-porphyrins and haemoproteins 
with different substances 


Substance co-ordinating 


Pigment 


Valency 
with Fe of Fe 


piperidine, pyridinef, 


| Free Fe-porphyrin ———>A* + 
Haem (Fe**) 


Haematin (Fe**+) 





(Carbon monoxide 
Nitrosobenzene 
isoCyanide 
Cyanide 

ae bes oxide 





—_—» B 


Imidazole 
Hydrogen peroxide 
Ethyl hydroperoxide 


I] Haemoproteins —>C 
Haemoglobin ) Fe? 


Myoglobin | 


Methaemoglobin| 3; 
Metmyoglobin } 


Oxygen 

. Azide 
Fluoride 

‘Sulphide 


Ammonia, nicotine, 


hydrazine hydratet, amines, 2-33 
amino acids, polypeptides, ee) 
denatured proteins and many 

| other nitrogenous substances 


> 


eo 69 69 


‘1 


(1); 3 (I) 


wOww oY WwWrnwrmbdwnw 


* Compounds formed: haemochromogen (Fe?+)—parahaematin (Fe**). 
+ Also react with myoglobin; see text, p. 576. 
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SUMMARY 


1. It is shown that free haematins will react with 
nitric oxide under certain conditions giving com- 
pounds with characteristic absorption spectra. 

2. The reactions of nitric oxide with both proto- 
haematin and urohaematin were examined. In acid 
solution each of these haematins changes colour 
from reddish brown to a bright red in the presence of 
nitric oxide, and two strong absorption bands 
appear in the green region of the spectrum while the 
Soret band of the haematin is shifted to a longer 
wavelength. 

3. Urohaematin in alkaline solution reacts 
similarly with nitric oxide and can be reduced to 
give a NO-urohaem compound with a single broad 
absorption band in the visible region. The results 
obtained with alkaline protohaematin are less 
clear-cut. 

4. The absorption spectra of the NO-compounds 
of proto- and uro-haematin under various conditions 
have been determined. 

5. No spectroscopic evidence was obtained for 
any reaction between fluoride, azide or sulphide 
with free haematins, although these substances all 
form well-defined compounds with methaemoglobin 
and other haemoproteins. 

6. The reactions of different substances with free 
iron-porphyrins were compared with those given 
with haemoproteins. Of all the substances ex- 
amined only nitric oxide and the cyanide ion are 
capable of co-ordinating with the bivalent and 
tervalent iron of haem and haematin respectively, 
both when they are free and when they form the 
prosthetic groups of haemoproteins. 


I wish to thank Dr R. Hill, F.R.S., and Dr E. F. Hartree 
for their helpful suggestions and interest in this work. 
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Glutamine Synthesis by Micrococcus pyogenes var. aureus 


By B. A. FRY 
Medical Research Council Unit for Chemical Microbiology, School of Biochemistry, University of Cambridge* 


(Received 8 October 1954) 


The synthesis of glutamine has been studied by 
Elliott (1948, 1951) and Speck (1949) in cell-free 
extracts of sheep brain and pigeon liver. Synthesis 
of glutamine occurred when the enzyme preparation 
was incubated with ammonia, magnesium ions, L- 
glutamic acid and adenosine triphosphate (ATP). 
teplacement of ammonia by hydroxylamine led to 
the synthesis of a hydroxamic acid, which by 
analogy with glutamine was presumably y-glutamyl- 

* Present address: Department of Microbiology, Uni- 
versity of Sheffield. 


hydroxamie acid. Since hydroxamic acids can be 
readily detected and estimated by the formation of 
a coloured complex in the presence of ferric ions at 
an acid pH (Lipmann & Tuttle, 1945), synthesis of 
glutamylhydroxamie acid is a convenient test for 
detecting the ability of an enzyme preparation to 
synthesize glutamine. Concurrent with Elliott’s 
studies of the sheep-brain system, Elliott & Gale 
(1948) showed that cell-free extracts of Micro- 
coccus pyogenes var. aureus synthesized glutamyl- 
hydroxamic acid. The work now described presents 
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a more detailed study of glutamine synthesis by this 
organism and the results of an investigation of the 
distribution of the enzyme system in various 
bacteria. A preliminary account of this work has 
been given previously (Fry, 1949). 


MATERIALS AND METHODS 


Organisms, growth media and preparation of washed cell 
suspensions. Unless stated to the contrary, the organism 
used was Micrococcus pyogenes var. aureus strain Duncan 
(Medical Research Council Unit for Chemical Microbiology, 
University of Cambridge). The organisms used in the 
distribution survey were Bacterium cadaveris National 
Collection of Type Cultures (N.C.T.C.), no. 6578, Clostridium 
welchii SR12 (N.C.T.C. no. 6784), Escherichia coli K4 
(Department of Biochemistry, Sheffield University) and 
Esch. coli, N.C.T.C. no. 86, Lactobacillus arabinosus 17-5 
(Department of Biochemistry, Sheffield University), 
Lactobacillus casei National Collection of Industrial 
Bacteria no. 8019, Leuconostoc mesenteroides American 
Collection of Type Cultures no. P60, three strains of 
Micrococcus pyogenes var. aureus N.C.T.C. nos. 563, 1560 
and 6773, Proteus vulgaris (Medical Research Council Unit 
for Chemical Microbiology, Cambridge), two strains of 
Streptococcus faecalis N.C.T.C. nos. 6782 and 6783. Strepto- 
coccus haemolyticus strain Richards N.C.T.C. no. 5631 was 
used in the microbiological assay of glutamine. The growth 
medium, initial pH 7-0, contained 3% (v/v) enzymic 
(trypsin or papain) digest of casein (i.e. the equivalent of 3 g. 
digested casein/100 ml.) and 0-1 % (w/v) Marmite, together 
with glucose, 2% (w/v) for coliform organisms and 1% for 
other bacteria. The medium was dispensed in flasks for 
lactobacilli and clostridia, and in Roux bottles (150 ml./ 
bottle) for other organisms. Except for Cl. welchii, organisms 
were subcultured at 37° in test tubes containing 5 ml. of the 
same medium; bulk cultures were inoculated with 0-5 ml. of 
a 16 hr. subceulture/150 ml. medium, and incubated at 37° 
for 6 hr. Cl. welchit was subcultured in Robertson’s cooked 
meat medium; bulk cultures were inoculated with 4 ml. of 
the broth from a 16 hr. subculture/litre of freshly autoclaved 
medium and incubated anaerobically at 37° for 6 hr. The 
organisms were harvested by centrifuging, washed once 
with distilled water and then suspended in distilled water: 
in the case of M. pyogenes, the suspension was adjusted to 
30 mg. dry wt./ml. 

Dry-weight determinations. These were made turbido- 
metrically using the Hilger Spekker absorptiometer with 
neutral grey filters. A standard curve relating optical 
density and turbidity was prepared for each organism using 
a suspension of known dry weight. The dry weights of the 
standard suspensions were determined by weighing after the 
suspensions had been dried at 105° for 4 hr. 

Preparation of cell-free extracts. Suspensions were shaken 
for 30 min. with glass beads (Chance Bros, Ballotini no. 14), 
10 g./tube, in a Mickle disintegrator (Mickle, 1948). After 
removing the beads by filtration, the filtrate was centri- 
fuged at 1000g for 30 min. The clear yellowish cell-free 
supernatant fluid was decanted from the cell debris and is 
referred to as the ‘enzyme preparation (Mickle)’. 

Preparation of acetone powders of M. pyogenes. The washed 
cell suspension was treated with 5 vol. of acetone, previously 
cooled to 4°, and allowed to stand for 15 min. in an ice bath. 
The insoluble material was collected by filtration and washed 








FRY 1955 


successively with acetone, acetone-ether (1:1, by vol.) and 
finally, ether (all previously cooled to 4°). 

Chemicals. Hydroxylamine hydrochloride, cysteine 
hydrochloride and L-glutamic acid (L. Light and Co. Ltd., 
Colnbrook, Bucks) were recrystallized as their hydro- 
chlorides. ATP was prepared from rabbit muscle (LePage, 
1949) as the monobarium salt (Bailey, 1949) and solutions of 
the sodium salt (Bailey, 1942) were stored at — 10° (Bailey, 
1949). Aerosol OT was supplied by the Hercules Powder 
Co., Wilmington, U.S.A. 

The following substances were prepared according to the 
methods in the appropriate reference: glutathione (Pirie, 
1930), glutamine (Vickery, Pucher & Clark, 1935; purified 
by the method of Hughes, 1950), y-glutamylhydroxamic 
acid, methionine sulphoxide and methionine sulphone 
(Roper & MclIlwain, 1948). 

The glyoxaline buffers (Kirby & Neuberger, 1938) were 
prepared from the appropriate base hydrochlorides 
(British Drug Houses Ltd., London) and NaOH. 


Analytical procedures 


Glutamylhydroxamic acid. This was determined colori- 
metrically (Lipmann & Tuttle, 1945) using synthetic 
glutamylhydroxamic acid as the standard. In this procedure 
the final pH affects the intensity of the coloured ferric- 
hydroxamic acid complex and it was found that the condi- 
tions for maximal colour development for glutamylhydrox- 
amic acid were the same as those described for acetyl- 
hydroxamic acid. 

Phosphate. This was determined colorimetrically by the 
method of Fiske & Subbarow (1925). ATP concentrations 
are based on the amount of acid-labile P (P,9) liberated by 
hydrolysis in N-HCl at 100° for 10 min. (Bailey, 1949). 

Total nitrogen. This was determined by the method of 
Chibnall, Rees & Williams (1943). Ammonia was estimated 
by trapping in boric acid containing a mixed indicator 
(Conway & O'Malley, 1942) and titrating with standard 
HCl from a micro-burette. 

Glutamine was estimated using the Parnas apparatus 
(Parnas & Heller, 1924). In the experiments dealing with 
glutamine synthesis, the reaction was stopped by the 
addition of trichloroacetic avid (1 ml. 40% (w/v)/4-5 ml. 
experimental fluid) and after the precipitated protein had 
been removed by centrifuging, a sample (4 ml.) of the 
supernatant was brought to pH 7 with n-NaOH and stored 
at -10° until analysed. Each sample was transferred 
quantitatively to the weighed flask of the Parnas apparatus, 
2 ml. 20% (w/v) KBO, was added and the free NH; removed 
by three distillations, in each of which 10 ml. of distillate 
were collected. After the third distillation, when the NH, in 
the distillate was equal to that in the apparatus blank, the 
interior of the apparatus above the flask was carefully 
washed with NH,-free water and the flask detached and 
weighed. The weight of the sample plus the various washings 
could thus be found and after conc. H,SO, had been added 
to a final conen. of 5%, the flask was placed in a boiling- 
water bath for 10 min. Under these conditions the amide 
group of glutamine is hydrolysed (Krebs, 1935). After 
cooling the flask in ice its contents were brought to pH 10-5 
by the addition of 15n-NaOH, and the NH, released by the 
acid hydrolysis was distilled and estimated. 

A Hilger Spekker absorptiometer was used in all the 
colorimetric procedures, with a red filter (Ilford no. 608, 
peak transmission at 680 my.) for phosphate determina- 
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Table 1. Synthesis of glucamylhydroxamic acid by whole cells and by preparations from disintegrated cells 


Complete system contained 1 ml. enzyme preparation, 0-04m sodium acetate buffer pH 5-4, 0-44m-NH,OH, 0-04m- 
MgCl,, 0-05m sodium glutamate, 0-006m ATP; total vol., 4-5 ml. Incubated 1 hr. at 37°. Disintegrated cells centrifuged 


to give cell-free supernatant and insoluble particles. 


Complete 
Enzyme preparation system 
Washed cell suspension (30 mg. dry wt./ml.) 0-2 
Supernatant 15 
0-3 


Suspension of insoluble particles 


tions, and green (no. 604, peak transmission at 520 my.) for 
hydroxamic acid. 

Experimental systems were incubated in open test tubes 
in a water bath at 37° and ATP was added after they had 
been in the bath for 10 min. 


Standard experimental systems 

After the preliminary experiments, the standard system 
for studying the synthesis of glutamylhydroxamic acid 
consisted of 1 ml. enzyme preparation, 0-044M 4(5)-methyl- 
glyoxaline buffer, pH 7-5, 0-01mM-MgSO,, 0-11m sodium L- 
glutamate, 0-44m hydroxylamine, 0-006m ATP in a total 
volume of 4-5 ml. For glutamine synthesis, the hydroxy]l- 
amine was replaced by 14-3 umoles NH,Cl. Control systems 
contained no added glutamate. The pH of solutions of 
glutamic acid and hydroxylamine were adjusted during 
their preparation to that of the buffer in the experiment 
concerned, 

The microbiological assay procedure for the identification 
and estimation of glutamine was that of Roper & McIlwain 
(1948). 

Results are expressed in terms of pmoles/total volume of 
experimental system. 


RESULTS 


Preliminary experiments 
A washed suspension of M. pyogenes var. aureus was 
disintegrated in the Mickle machine and then centri- 
fuged at 1000 g. After removing the supernatant 
fluid, the insoluble material was suspended in 0-9 % 
(w/v) NaCl (volume equivalent to half that of the 
original suspension). The original observations of 
Elliott & Gale (1948) that the supernatant catalysed 
the synthesis of glutamylhydroxamic acid were 
confirmed. The suspension of insoluble material 
showed no activity and synthesis by whole cells was 
negligible (Table 1). The latter result was not un- 
expected since Gale (1947) has shown that glutamic 
acid can only enter M. pyogenes when the cells are 
provided with a utilizable energy source such as 
glucose. If, however, the normal permeability 


properties of the cells are destroyed by a detergent 
such as Aerosol OT (ef. the effect of tyrocidin and 
phenol; Gale & Taylor, 1947), then synthesis can be 
observed with whole cells (Table 2). Aerosol in con- 
centrations of less than 2 mg./ml. had no inhibitory 
effect on the synthesis of glutamylhydroxamic acid 





Hydroxamic acid (~moles/4-5 ml.) 





No Boiled , 

No ATP No MgCl, glutamate enzyme 
0-0 0-0 0-0 0-0 
0-0 0-2 0-0 0-0 
0-1 0-1 0-2 0-0 


Table 2. Synthesis of glutamylhydroxamic acid by 
acetone powder and whole cell suspension pretreated 
with Aerosol 


In (a) complete system contained 30 mg. acetone powder, 
0-44m-NH,OH, 0-04™m potassium phthalate buffer, pH 6-3, 
0-04m-MgCl,, 0-05m sodium glutamate, 0-006m ATP; 
total vol., 4-5 ml. In (6) 1 ml. washed cell suspension 
(30 mg. dry wt./ml.) first incubated with I ml. 0-2m 
potassium phthalate buffer, pH6-3, 0-5ml. Aerosol 
(10 mg./ml.), 0-1 ml. 2m-MgCl, for 20 min. at 37° and then 
sodium glutamate, NH,OH and ATP added as in (a) for 
complete system. Control systems contained no glutamate. 


Incubated 1 hr. at 37°. , P 
Hydroxamic acid 


(umoles/4-5 ml.) 


MO 
Complete 
Control system Activity 
Enzyme preparation (A) (B) (B-A) 
(a) Acetone powder 2-3 6-4 4-1 
(b) Washed cell suspension 
Untreated 0-6 0-6 0-0 
Aerosol treated 0-9 4-1 3-2 


by the cell-free system. Since incubation of the 
enzyme preparation (Mickle) with a number of other 
compounds did not lead to the formation of a 
hydroxamic acid, it was concluded that the one 
formed in the presence of L-glutamic acid was 
glutamylhydroxamic acid. The substances tested 
included «-oxoglutarate, oxaloacetate, succinate, 
fumarate, L-malate, L-glutamine, D-glutamate, L- 
aspartate, DL-alanine, L-arginine, L-serine, DL- 
threonine, glycine and pu-phenylalanine at a final 
concentration of 0-05m. In the range of concentra- 
tions studied, the rate of synthesis of glutamyl- 
hydroxamic acid was directly proportional to the 
amount of enzyme preparation (Fig. 1). 

The crude enzyme preparation contains phos- 
phatases which rapidly hydrolyse ATP, but 
attempts to separate such enzymes from the system 
catalysing the synthesis of glutamylhydroxamic acid 
met with little success. The methods used in the 
purification studies comprised isoelectric precipita- 
tion with acetate buffers at various pH values and 
ionic strengths; precipitation in the cold by ethanol 
or acetone; heating in the presence and absence of 
cofactors; adsorption on to calcium phosphate gel 
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and elution by salt solutions; and fractionation with 
(NH,),SO,. The most promising results were 
obtained by adsorption of the enzyme system on to 
calcium phosphate gel at pH 6-3 and then eluting 
it from the gel with 9% (w/v) Na,SO, in 0-02m 
potassium phthalate buffer, pH6-3. In the 
(NH,),SO, fractionation of the eluate, the fraction 
precipitating at 50-55% saturation contained a 
large proportion of the required enzyme system and 
only a small amount of phosphatase activity. Un- 
fortunately the enzyme was now in an unstable 
state, and within 2 hr. from the time of preparation, 
half the activity had been lost. Inactivation could 
not be prevented by the addition of cysteine, 
glutathione, Mg?+, boiled yeast extract or by 
altering the pH. The analogous system from sheep 
brain is also unstable after it has been subjected to 
various purification procedures, and no method for 
stabilizing the purified preparations was discovered 
(Elliott, 1951). However, unlike the bacterial 
enzyme preparation, the cell-free extract of acetone 
powders of sheep brain exhibited little phosphatase 
activity. Acetone powders of M. pyogenes also 
contain the enzyme system in an active state 
(Table 2), but no way could be found of extracting 
the enzyme system without the phosphatases. 

Since attempts to obtain a purified preparation 
were unsuccessful, the general properties and 
kinetics of the enzyme system were studied using 
the crude cell-free extracts prepared by disintegra- 
tion of suspensions in the Mickle machine. 


70 
6-0 
3 
2 50 
= © 
3 4-0 
= 
§ 3-0 
2 
x 20 
= 
1-0 ‘ 
0 
0 0-4 08 12 16 


Cell-free extract (ml.) 


Fig. 1. Effect of enzyme concentration on rate of synthesis 
of glutamylhydroxamic acid. Incubated 1 hr. at pH 6-3 
(@) and 20 min. at pH 7-5 (©); temp., 37°. For each 
enzyme concentration, complete systems contained 
0-04m potassium phthalate buffer, pH 6-3, or 0-04m 
4(5)-methylglyoxaline buffer, pH 7-5, 0-44m-NH,OH, 
0-04M-MgCl,, 0-05m sodium glutamate, 0-006m ATP; 
total vol., 4-5 ml. Control systems, no glutamate. Values 
in controls subtracted. 
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Synthesis of a compound containing an amide group 


McIlwain (1948) has shown that washed cell 
suspensions of staphylococci decompose glutamine 
at a slow but significant rate. It was therefore 
feasible that the enzyme preparation (Mickle) 
possessed glutaminase activity and this would have 
complicated any measurement of glutamine syn- 
thesis. However, when the enzyme preparation was 
incubated with glutamine at pH 5-5 (0-04m Na 
acetate buffer), 6-5and 7-5 (0-04™m K phosphate buffer 
(Sorensen, 1912)), no hydrolysis of the amide group 
could be detected, though the washed cell sus- 
pensions from which the cell-free extracts were 
prepared did show glutaminase activity. 

The enzyme preparation itself contains free NH, 
and even in the absence of added NH, Cl, incubation 
in the presence of ATP, t-glutamate and Mg?+ 
(Table 3) resulted in a decrease (1-6 pmoles) in the 
free NH, of the system. This decrease was corre- 
lated with an increase (1-4 »moles) in the amount of 
NH, which was released in conditions known to 
hydrolyse the amide group of glutamine, i.e. 5% 
H,SO, at 100° for 10 min. (Krebs, 1935). Since 
glutamine and zsoglutamine (and possibly aspara- 
gine) are the only amides likely to be formed in such 
experimental conditions, and since isoglutamine 
and asparagine are much more resistant to acid 
hydrolysis, there was good reason to believe that the 
cell-free extracts of M. pyogenes catalysed the 
synthesis of glutamine. The enzyme system evi- 
dently has a high affinity for NH, (see later), but to 
ensure that glutamine synthesis was not limited by 
the amount of NH, available, 14-3 wzmoles NH,Cl/ 
4-5 ml. of experimental system were added in all 
subsequent experiments. 

Identification of the amide as glutamine. Glut- 
amine can be assayed in the presence of glutamic 
acid and ammonia by using the microbiological 
assay method introduced by Roper & MclIlwain 
(1948). When freshly isolated, Strep. haemolyticus 
(Lancefield group A) requires glutamine for growth, 
though in some circumstances this requirement can 
be replaced by much greater amounts of glutamic 
acid. Utilization of the latter in place of glutamine is 


Table 3. Synthesis of an amide by the cell-free extract 


Complete system: 2 ml. enzyme preparation (Mickle), 
0-04m-MgCl,, 0-11M sodium glutamate (GA), 0-004m ATP, 
0-04m potassium phthalate buffer, pH 6-3; total vol., 
4-5 ml. Incubated 15 min. at 37°. 


Ammonia (moles) 


Complete No No No 

system ATP Mg?+ GA 

Free NH, 6-3 7-9 — _ 
NH, released by 1-8 ° 0-4 0-0 + 


acid hydrolysis 
(=amide NH,) 
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prevented by including methionine sulphoxide in 
the medium. In the complete experimental system, 
L-glutamate, ATP, Mg*+ and NH, were incubated 
with the enzyme preparation at pH 7-5. A second 
system contained no added glutamic acid and served 
as a control. After 1 hr. at 37° the reaction was 
stopped by cooling in an ice bath, and the amount of 
amide in the two systems was determined by the 
analysis of 3 ml. samples using the Parnas procedure. 
Other samples (1 ml.) were brought to pH 7, 
diluted to a known volume, sterilized by filtration 
through Seitz filters, and then assayed micro- 
biologically for their glutamine content. After 
incubation at 37° for 24 hr. turbidity was deter- 
mined. Growth had occurred only in the tubes to 
which samples from the complete experimental 
system had been added, and the amount of glut- 


amine producing similar growth was equivalent 
to the amide content as estimated by the Parnas 
method (Table 4). Since glutamine is the only 
compound known to promote the growth of Strep. 
haemolyticus in the medium used (cf. McIlwain, 
1939), it was concluded that the results of the 
microbiological assay, together with the acid 
hydrolysis data showed that the amide synthesized 
by the enzyme preparation from M. pyogenes was 
glutamine. , 


Synthesis of glutamylhydroxamic acid and glutamine 


Progress curves and effect of pH. The progress of 
the synthesis of glutamylhydroxamic acid and 
glutamine by the same enzyme preparation was 
determined at pH 6-3, samples of the experimental 
systems being taken at intervals (Fig. 2). The 


Table 4. Microbiological assay of the amide 


Complete and control experimental systems: the standard systems (Methods, p. 581). Incubated 1 hr. at 37°. 3 ml. of 
experimental system taken for determination of amide by Parnas method. In the microbiological assay, 2 and 4 ml. of 
a 1:10 dilution of 1 ml. of the control system and 2, 3 and 4 ml. of a 1:100 dilution of 1 ml. of the complete system were 











used. Amounts found (~m-moles/ml.) 
Cc. -_=_" an = 
Growth response in terms 
Amide by Parnas method of glutamine 
ae PF ~ t a 
Control Complete Control Complete 
system system system system 
Initially (a) 66 66 0 0 
Finally (6) 66 966 0 820, 850, 860 
Synthesis (b — a) 0 900 0 Mean, 840 
9 30 v 40 
;o Vv 
E g 
3 § 
8 5 30 
= 20 z= 
o £ . 
$ = 
2 § & 20 
£ 3 2 
= 00 
E ae 
£ 10 ° 
= 2 1:0 
5 € 
g s 
£ 3 
E 5 0 
s 5-0 60 7-0 8-0 9-9 
go ° H 
0 20 40 60 P 
Time (min.) Fig. 3. Effect of pH on rate of synthesis of glutamyl- 


Fig. 2. Progress of synthesis of glutamylhydroxamic acid 
and glutamine. Results expressed as pmoles/4-5 ml. 
experimental system after subtraction of values in 
controls. Complete systems: 5 ml. enzyme preparation 
(Mickle), 0-4m potassium phthalate buffer, pH 6-3, 
0-04mM-MgCl,, 0-1m sodium glutamate, 0-006m ATP 
together with 0-4m-NH,OH for synthesis of hydroxamic 
acid (@) or 0-006m-(NH,),SO, for synthesis of glutamine 
(@); total vol., 30 ml. Control systems, no glutamate; 
temp., 37°; 4-5 ml. samples withdrawn at intervals. 


hydroxamic acid and glutamine. For synthesis of 
hydroxamic acid (@), complete systems contained 1 ml. 
enzyme preparation (Mickle), 0-04m buffer, 0-4m- 
NH,OH, 0-04m-MgCl,, 0-1m sodium glutamate, 0-006m 
ATP; total vol., 4-5 ml. For synthesis ef glutamine (©), 
NH,OH replaced by 0-003m-(NH,).SO,. Control 
systems, no glutamate. Incubated 1 hr. at 37°. Buffers: 
4-hydroxymethylglyoxaline at pH 5-5, 6-0 and 6-5; 
4(5)-methylglyoxaline at pH 7-0 and 7-5; 2:4-dimethyl- 
glyoxaline at pH 8-0. Values in controls subtracted. 
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increase in the amount of glutamine was closely 
paralleled by the increase in glutamylhydroxamic 
acid. The effect of hydrogen-ion concentration was 
studied using glyoxaline buffers covering the pH 
range 5-5-8-0 (Fig. 3). The optimum pH for the 
synthesis of ghitemny lay tnonenie acid and glut- 
amine was in the region of 7-5, although the optimum 
for glutamine was not as anal defined as that for 
glutamylhydroxamic acid. Similar observations 
were made by Speck (1949) with the pigeon-liver 
system, in which the rate of glutamine synthesis 
showed little variation in the pH range 7-5—8-5, 
whereas the optimum for glutamylhydroxamic acid 
was sharply defined at pH 7-0. 

Since glutamylhydroxamic acid was synthesized 
at the same rate as glutamine, and, except at a pH 
greater than 7-5, the pH influenced the rate of 
synthesis of each of these compounds to an equal 
extent, it was concluded that the same enzyme 
system is involved in the synthesis of both of these 
substances. For this reason, and because of a more 
convenient method of estimation, the effects of 
some experimental conditions were studied only in 
terms of glutamylhydroxamic acid, and it was 
assumed that they would affect glutamine synthesis 
in a similar manner. All subsequent experiments 
were performed at the optimum pH of 7-5. At this 
pH, as at pH 6-3, the rate of synthesis of glutamyl- 
hydroxamic acid was directly proportional to the 
amount of enzyme preparation, i.e. in the range of 
concentrations examined (Fig. 1). 
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Fig. 4. Effect of concentration of magnesium or manganous 
ions on rate of synthesis of glutamylhydroxamic acid. 
Complete systems: 0-5 ml. enzyme preparation (Mickle), 
0-04m 4(5)-methylglyoxaline buffer, pH 7-5, 0-4m- 
NH,OH, MgSO, (©) or MnSO, (@), 0-1m sodium 
glutamate, 0-006m ATP; total volume, 4-5 ml. Control 
systems: no glutamate. Incubated 30min. at 37° 
Values in controls subtracted. 
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' Effect of cations. Synthesis of glutamylhydrox- 
amic acid is negligible unless the system is fortified 
with Mg?+ (Table 1). Attempts were made to replace 
Mg?+ by Ca?+, Sr?+, Ba?+, Zn?+, UO,?+, Nat, Kt, 
Mn?+, Fe?+ or Fe*+ at a final concentration of 0-01M 
and 0-001m. Of these cations, only Mn?+ showed 
any activity. In low concentrations, Mn?*+ was more 
effective than Mg*+, and the maximum rate of 
synthesis, achieved in the presence of 0-0014M-Mn?*, 
was the same as that with an optimal concentration 
of Mg*+ (0-01m) (Fig. 4). With concentrations of 
Mn?+ greater than 0-0014M, there was progressive 
inhibition, though no inhibitory effects were ob- 
served with concentrations of Mg?+ up to0-04mM. 
Ca?+ antagonized the activating effect of Mg?*+ and 
Mn?+, and with increasing concentrations of Ca?+ 
there was progressive inhibition of the synthesis of 
glutamylhydroxamic acid (Fig. 5). The concentra- 
tion of Ca?+ producing 50% inhibition was the 
same, irrespective of whether the system was 
activated by Mg?+ or Mn?*, although the concentra- 
tion required for complete inhibition was greater 
when Mn?+ was present. The latter effect may be 
correlated with the greater affinity of the enzyme 
system for lower concentrations of Mn?+ than 
Mg?+. The inhibitory action of Ca**+ in the presence 
of Mg?+ was competitive, and increasing the con- 
centration of Mg?+ decreased the inhibition due to 
a particular concentration of Ca?+ (Table 7). 
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Fig. 5. Effect of calcium ions on the synthesis of glutamyl- 
hydroxamic acid in the presence of magnesium or 
manganous ions. Complete systems: 1 ml. enzyme pre- 
paration (Mickle), 0-4m-NH,OH, 0-04m 4(5)-methyl- 
glyoxaline buffer, pH 7-5, ie 0-04m-MgCl, (@) or 
0-0016M-MnSO, (©), 0-1mM sodium gate. 0-007M 
ATP. Ca?+ added as CaCl,. Total vol., 5 ml. Control 
systems: no glutamate. Tncubsted 45 min. at 37°. 
Values in controls subtracted. Results compared with 
synthesis in absence of Ca?+ and expressed as percentage 
inhibition. 
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Effect of concentration of reactants. In a series of 
experiments, the rate of synthesis of glutamyl- 
liydroxamic acid was determined in experimental 
systems in which the concentration of one of the 
reactants was varied. The graphs relating rate of 
synthesis with concentration of reactant (ATP, 
glutamate or hydroxylamine) were of the typical 
Michaelis-Menten type, and the Michaelis con- 
stants (K,,) for ATP and glutamate were determined 
by the method of Lineweaver & Burk (1934) 
(Figs. 6, 7). Although the system has a high affinity 
for hydroxylamine, a relatively large concentration 
is required to achieve the maximum rate of syn- 
thesis (Fig. 8), and it is therefore more convenient to 
express the results in terms of rate and substrate 
concentration rather than as reciprocals of these 
quantities. Under the experimental conditions 
employed, the Michaelis constants for ATP, 
glutamate and hydroxylamine were of the order 
0-0028, 0-011 and 0-003 M, respectively. The concen- 
trations of ATP, glutamate and hydroxylamine 
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Fig. 6. Effect of concentration of ATP on rate of synthesis 
of glutamylhydroxamic acid. Complete systems: 1 ml. 
enzyme preparation (Mickle), 0-4m-NH,OH, 0-04 
4(5)-methylglyoxaline buffer, pH 7-5, 0-01M-MgCl,, 
0-1m sodium glutamate, ATP at molar concentrations S. 
Control systems: no glutamate. Values in controls sub- 
tracted. v=pmole hydroxamic acid synthesized in 
20 min. at 37°. 
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Fig. 7. Effect of glutamate concentration on rate of syn- 
thesis of glutamylhydroxamic acid. Complete systems: 
1 ml. enzyme preparation (Mickle), 0-04m 4(5)-methy]l- 
glyoxaline buffer, pH 7-5, 0-4m-NH,OH, sodium glut- 
amate at molar concentrations S, 0-04mM-MgCl,, 0-006m 
ATP; total vol., 4-5 ml. Control systems: no glutamate. 
Values in controls subtracted. v = wmole hydroxamic acid 
synthesized in 20 min. at 37°. 
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Fig. 8. Effect of hydroxylamine concentration on the rate 
of synthesis of glutamylhydroxamic acid. Complete 
systems: 1 ml. enzyme preparation (Mickle), 0-04m 
4(5)-methylglyoxaline buffer, pH 7-5, NH,OH, 0-01m- 
MgCl,, 0-1M sodium glutamate, 0-006m ATP; total vol., 
4-5 ml. Control systems, no glutamate. Values in controls 
subtracted. Incubated 30 min. at 37°. 


Table 5. Effect of ammonia concentration on glutamine synthesis 


Control systems (1 and 2): no glutamate. Complete systems (3-7) were, except for added NH,Cl, the standard experi- 
mental systems (see Methods, p. 581). The enzyme preparation (Mickle) contained 4-8 zmoles NH;/ml. Amide determined 
as ammonia released by acid hydrolysis. Amide initially in system, 0-4 pmole/4-5 ml. Temp. 37°. 


No glutamate 


wie Pec 
1 2 
Total conen. of NH, at zero time 1-1 7-4 
(m x 10%) 
Amide after 30 min. (moles) 0-4 0-4 
0-0 0-0 


Amide synthesized (moles) 


Complete systems 


ee eS pee eee 
3 4 5 6 7 
1-1 1-9 2-7 4-3 7-4 
3-2 3-2 3-3 3-2 3-1 
2-8 2-8 2:9 2-8 2-7 
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Table 6. Liberation of phosphate during synthesis of glutamylhydroxamic acid and glutamine 


(a) Complete system: total volume 30 ml. containing 6 ml. enzyme preparation (Mickle), 0-44m-NH,OH, 0-04m 4(5)- 
methylglyoxaline buffer, pH 7-5, 0-04M-MgCl,, 0-1m sodium glutamate and 0-007m ATP. Samples (5 ml.) taken at 
intervals and reaction stopped by 1 ml. 40% (w/v) trichloroacetic acid: 4:5 ml. taken for hydroxamic acid and 1 ml. for 
phosphate determinations. Control: no glutamate; temp., 37°. 


Amounts found (ymoles/5 ml.) 


Prue 











c rin 
Hydroxamic acid Phosphate 
Complete Complete 
Time Control system Activity Control system Activity 
(min.) (A) (B) (B-A) (A) (B) (B- A) 
0 0-8 0-8 0-0 7-4 7-4 0-0 
15 0-8 59 5-1 10-3 15-2 4-9 
30 0-9 8-9 8-0 12-3 20-7 8-4 
45 0-9 10-1 9-2 14-5 24-2 9-7 


(6) Complete system: in 5 ml., 1 ml. of enzyme preparation (Mickle), 14:3 4moles NH,Cl, with ATP, MgCl,, sodium 
glutamate and buffer as in (a). Control: no glutamate. Reaction stopped as in (a); 4 ml. taken for amide determination 
(as NH, released by acid hydrolysis), 1 ml. for phosphate determination. Duration of expt. 45 min. 


Amounts found (zmoles/5 ml.) 





- = ~ 
Complete 
Control system Activity 
(A) (B) (B- A) 
Amide 1-4 10-3 8-9 
Phosphate 16-4 26:3 9-9 


100 


80 

= 60 

e 

2 

5 

= 40 
20 





40 3-0 2:0 
—Logio molar concn. of NaF 


Fig. 9. Effect of sodium fluoride on the synthesis of glut- 
amylhydroxamic acid in the presence of magnesium or 
manganous ions. Complete systems: 1 ml. enzyme pre- 
paration (Mickle), 0-4m-NH,OH, 0:04m 4(5)-methyl- 
glyoxaline buffer, pH 7-5, either 0-04m-MgCl, (©) or 
0-0016M-MnSO, (@), 0-1m sodium glutamate, 0-007M 
ATP and NaF; total vol., 5 ml. Control systems: no 
glutamate. Incubated 1 hr. at 37°. Values in controls 
subtracted. Results compared with synthesis in the 
absence of NaF and expressed as percentage inhibition. 


required for the maximum rate of synthesis were of 
the order 0-007, 0-055 and 0-1, respectively. When 
the rate of synthesis of glutamine was studied as 
a function of NH, concentration it was found that 


with short incubation periods the amount of NH, 
already present in the enzyme preparation was 
sufficient for the maximum rate of synthesis 
(Table 5). Hence the affinity of the enzyme system 
for NH, is high, and since in the reported experiment 
(Table 5) synthesis was maximal in the presence of 
4-8 umoles NH,/4-5 ml., K,,, was calculated to be less 
than 0-001 M. 

Synthesis of glutamylhydroxamic acid or glutamine 
and the appearance of phosphate. As the synthesis of 
glutamylhydroxamie acid proceeds, there is an 
increase in the amount of inorganic phosphate in the 
system (Table 6). The amounts of phosphate liber- 
ated and of hydroxamic acid synthesized agree 
to within 6%, indicating that 1 mole of ATP is 
utilized in the synthesis of 1 mole of the hydroxamic 
acid. The synthesis of glutamine by the same 
enzyme preparation is also accompanied by the 
appearance of an equivalent amount of phosphate 
(Table 6). 

Inhibitors. NaF inhibits the synthesis of glut- 
amylhydroxamic acid and glutamine, the degree of 
inhibition being influenced by the activating cation 
in the system. Much higher concentrations were 
required to inhibit the synthesis of glutamy]l- 
hydroxamic acid in the presence of Mn*+ than in the 
presence of Mg?+ (Fig. 9), e.g. 3-35 x 10-4m-NaF 
produced 50% inhibition when Mg?+ was the 
activating ion, but for the same degree of inhibition, 
a concentration of 1-3 x 10-?m was required when 
the system was activated by Mn?*. 
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p-Chloromercuribenzoate is a potent inhibitor of 
the synthesis of glutamylhydroxamic acid (Fig. 10), 
50% inhibition being produced by a concentration 
of 3-8 x 10-°m. Cysteine protects the system from 
the effects of the inhibitor, e.g. in one experiment 
5:6 x 10-4m p-chloromercuribenzoate brought about 
67% inhibition of glutamylhydroxamic acid syn- 
thesis: if cysteine (final concentration 0-01M) was 
added before or after the inhibitor, the latter now 
had no effect, and synthesis was the same as in its 
absence. Since this inhibitor reacts with thiol 
groups (Hellerman, Chinard & Deitz, 1943), these 
observations indicate that such groups play an 


100 

80 

= 60 
[ 
9 

2 40 
£ 

20 

0 





48 46 4-4 42 40 38 36 
—Logio molar concn. 


Fig. 10. Inhibition of synthesis of glutamylhydroxamic 
acid by p-chloromercuribenzoate. Complete and control 
systems: the standard experimental systems (Methods, 
p. 581) with p-chloromercuribenzoate addedi» both as 
required. Incubated 1 hr. at 37°. Values in controls sub- 
tracted. Results compared with synthesis in the absence 
of inhibitor and expressed as percentage inhibition. 
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important part in the synthesis of glutamylhydrox- 
amic acid, though whether they are located in the 
protein part of the enzyme system or in a coenzyme 
(such as coenzyme A) is not known. 

Elliott & Gale (1948) showed that methionine 
sulphoxide was a competitive inhibitor of the syn- 
thesis of glutamylhydroxamic acid, and their con- 
clusion that it was a competitive inhibitor of 
glutamine synthesis (cf. Borek, Miller, Sheiness & 
Waelsch, 1946) was confirmed (Fig. 11). The 
inhibitory properties of methionine sulphone were 
identical with those of the sulphoxide. A number 
of other compounds were examined, and of these 
only adenosine diphosphate (ADP) possessed any 


16 
12 
¥ 0-8 


0-4 





Fig. 11. Inhibition of glutamine synthesis by methionine 
sulphoxide. Complete and control systems: the standard 
experimental systems (Methods, p. 581) with glutamate in 
molar concentrations S in the presence (@) and absence 
(@) of 0-007m methionine sulphoxide. Values in controls 
subtracted. »=pmoles hydroxamic acid synthesized in 
1 hr. at 37°. 


Table 7. Effect of antibiotics, ADP, aspartate and other substances on the synthesis of 
glutamylhydroxamic acid (Glu. HA) or glutamine (Glu. NH,) 


Complete and control systems: the standard systems (see Methods, p. 581) with modifications shown in Table. Incu- 


bated 1 hr. at 37°. 


Substance Concn. 
Gramicidin 1 mg./ml. 
Penicillin 100 yg./ml. 
NaN; 0-01lm 
2:4- Dinitrophenol 0-002M 
NaN, 0-0lm 
2:4-Dinitrophenol 0-002m 
NaCN 0-01m 
NaF 0-00034.m 
NaF 0-00034m 
CaCl, 0-001mM 
CaCl, 0-001m 
Na aspartate 0-llm 
ADP (+0-007m ATP) 0-002M 
ADP (+0-014m ATP) 0-002 M 


* Stimulated synthesis by 12%. 


Activating Synthesis of Inhibition 
cation Glu. HA or Glu. NH, % 
Mg*+ Glu. HA 0 
Mg?+ Glu. HA 0 
Mg** Glu. HA 0 
Mg?+ Glu.HA 0 
Mn?*+ Glu.HA o* 
Mn?+ Glu. HA 0 
Mn?+ Glu.HA OT 
Mg?+ Glu. NH, 47 
Mn?+ Glu. NH, 21 
(0-0014™m) 
Mg*+ Glu.HA 61 
(0-01 m) 
Mg?+ Glu. HA 0 
(0-05) 
Mg?+ Glu. HA 22 
Mg?* Glu. HA 41 
Mg?+ Glu. HA 31 


} Stimulated synthesis by 14%. 
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Table 8. Synthesis of glutamylhydroxamic acid by cell-free extracts of various species of bacteria 


Cell-free extracts prepared by disintegration of washed cell suspensions in the Mickle machine for 45 min. Cultures 


grown for 6 hr. (except lactobacilli, 16 hr.) at 37°. Figures in parentheses are NCTC numbers. Complete system: standard 


experimental system (see Methods, p. 581). Incubation period 1 hr. at 37°. ggq4=moles hydroxamic acid (A - B)/mg. 


total N of extract/hr. 


Glutamylhydroxamic acid formed (ymoles/4-5 ml.) 





c 7 ~ 
Complete No 
Dry wt. of system glutamate No Activity 
Organism suspension (A) (B) ATP (A - B) dona 
Bact. cadaveris 40 2-7 0-9 0-3 1:8 0-7 
Cl. welchit SR 12 60 2-6 0-6 0-2 2-0 0-8 
Esch. coli (86) 30 3-9 2-6 0-6 1-3 0-8 
Esch. coli K4 30 2-9 1-7 9-2 1-2 0-7 
Lb. arabinosus 17-5 45 2-5 1-6 0-1 0-9 0-3 
Lb. casei 45 2-3 1-8 0-2 0-5 0-2 
In. mesenteroides 30 1-9 0-7 0-1 1-2 0-7 
M. pyogenes var. aureus (563) 30 4-2 1-4 0-1 2-8 2-1 
M. pyogenes var. aureus (1560) 30 39 0-8 0-2 3-1 2-6 
M. pyogenes var. aureus (6773) 30 3:8 1-1 0-4 2-7 2-5 
Pr. vulgaris 30 2-6 1-8 0-3 0-8 0-1 
Strep. faecalis (6782) 30 2-1 0-8 0-3 1-3 0-9 
Strep. faecalis (6783) 30 35 1-2 0-2 2-3 1-6 


marked inhibitory action (Table 7). The latter was 
decreased by increasing the concentration of ATP, 
indicating that ADP competes with ATP for the 
appropriate reactive centres in the enzyme system. 
Gramicidin, penicillin and 2:4-dinitrophenol, in the 
concentrations examined, had no effect. Azide and 
cyanide tended to increase the rate of synthesis. 
A similar activating effect by cyanide was observed 
by Speck (1949) with the pigeon-liver system. 
Aspartate even when present in a concentration 
equivalent to the glutamate, only inhibited syn- 
thesis to a small extent (Table 7). 

Synthesis of glutamylhydroxamic acid by other 
bacteria. Cell-free extracts of a number of bacteria 
were prepared by the same method as for M. 
pyogenes var. aureus strain Duncan, and then each 
was incubated in the standard experimental systems 
to determine whether the preparation catalysed the 
synthesis of glutamylhydroxamic acid. Extracts 
from all the organisms examined were able to 
accomplish this reaction (Table 8). Whilst the 
activities of the extracts from some species were 
relatively low, the amounts of hydroxamic acid 
formed are regarded as being significant. As an aid 
to comparing the activities of different species, the 
total nitrogen content/ml. of each enzyme prepara- 
tion was determined and the results expressed in 
terms of pmoles hydroxamic acid synthesized/hr./ 
mg. total nitrogen. For the reasons given above, it 
was assumed that the demonstration that these 
organisms were able to synthesize glutamyl- 
hydroxamic acid implied that they were also able to 
synthesize glutamine, though this was only studied 
and proved directly in the case of Strep. faecalis. 


DISCUSSION 
From the results reported in Tables 3 and 6, it is 
concluded that the stoicheiometry of the synthesis 


of glutamine by M. pyogenes var. aureus is repre- 


sented by the equation: 


COOH.CH(NH,).(CH,),COOH + ATP + NH, 
= COOH .CH(NH,).(CH,),;CONH, + ADP + H,PQ,. 


With regard to activation by magnesium and 
manganous ions, the Michaelis constants for the 
various reactants, the optimum pH, and inhibition 
by calcium ions, sodium fluoride, ADP and p- 
chloromercuribenzoate, the enzymic system in M. 
pyogenes responsible for the synthesis of glutamine 
and glutamylhydroxamic acid has many properties 
in common with analogous systems obtained from 
sheep brain (Elliott, 1948, 1951), pigeon liver 
(Speck, 1949) and pea seedlings (Elliott, 1953). A 
major difference is that crystal violet and other 
triphenylmethane dyes inhibit glutamine synthesis 
by M. pyogenes var. aureus (cf. Elliott & Gale, 
1948; Fry, 1949) but not by sheep brain (Elliott, 
1948) or pigeon liver (Speck, 1949). 

No direct evidence is yet available concerning the 
detailed mechanism of glutamine synthesis. By 
analogy with the synthesis of acetylhydroxamic 
acid and acetylsulphanilamide, it has been sug- 
gested (Elliott, 1951; Speck, 1949) that intermediate 
stages in the reaction may involve either the forma- 
tion of an energy-rich glutamyl phosphate or a co- 
factor such as coenzyme A bearing an ‘activated’ 
glutamy]l radical. Elliott (1951), Speck (1949) and 
the present author have been unable to obtain any 
evidence for the production of a glutamy] phosphate, 
and Speck (1949) has also reported indirect evidence 
that coenzyme A is not a participant in this re- 
action. As a result of experiments with *P, 
Webster & Varner (1954) have recently proposed 
that the synthesis involves phosphorylation of the 
enzyme followed by exchange of the phosphate 
group for a glutamyl radical, which can then be 
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transferred to a suitable amino acceptor such as 
ammonia. 

The ability to synthesize glutamine appears to be 
widespread in bacteria (Table 9), and it is pertinent 
to note that there are only a few species for which 
this substance is a growth factor. Moreover, except 
when small inocula are used, this requirement is not 
absolute and glutamine can be replaced by glutamic 
acid (Fildes & Gladstone, 1939; Pollack & Lindner, 
1942). Glutamine has been associated with protein 
synthesis (Fruton, Johnston & Fried, 1951), 
transfer reactions with ammonia and hydroxyl- 
amine (ef. Waelsch, 1952), citrulline synthesis (Ory, 
Hood & Lyman, 1954) and with maintaining the 
rate of glucose fermentation in streptococci 
(McIlwain, Roper & Hughes, 1948). However, as 
yet, there is no direct information concerning the 
role of this substance in the intermediary metabolism 
of micro-organisms. Since y-glutamyl groups are 
also found in the folic acid factors (Mowat et al. 1948; 
Boothe et al. 1948), glutathione (Harington & 
Mead, 1935) and perhaps strepogenin (Woolley, 
1948), it is possible that part or all of the enzyme 
system responsible for the synthesis of glutamine 
may also play a part in the synthesis of these 
compounds, though Bloch & Johnston (1949) on the 
basis of their experiments believe that at least in the 
case of glutathione no such relationship exists. 


SUMMARY 


1. Cell-free extracts of M. pyogenes var. aureus 
and a number of other bacteria catalyse the syn- 
thesis of glutamylhydroxamic acid from glutamic 
acid and hydroxylamine in the presence of ATP and 
magnesium ions. 

2. An amide, identified as glutamine, is syn- 
thesized when hydroxylamine is replaced by 
ammonia. 

3. Synthesis of glutamine and glutamylhydrox- 
amic acid is accompanied by the appearance of an 
equivalent amount of phosphate. 

4. The enzyme system is activated by optimum 
concentrations of manganous ions as effectively as 
by magnesium ions. 

5. Synthesis is inhibited by calcium ions, sodium 
fluoride, adenosine diphosphate, p-chloromercuri- 
benzoate and methionine sulphoxide. Sodium 
fluoride is more effective in the presence of mag- 
nesium ions than in the presence of manganous 
ions. 


The author wishes to thank Dr E. F. Gale, F.R.S., and 
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receipt of a training grant from the Medical Research 
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In previous studies on oxidative phosphorylation 
the rate of incorporation of **P-labelled orthophos- 
phate (*?P) into adenosine triphosphate (ATP) was 
measured under conditions where the amounts of 
ATP and orthophosphate (P) remained constant 
(Krebs, Ruffo, Johnson, Eggleston & Hems, 1953; 
Bartley, 1953; Lee & Hiler, 1953). In some experi- 
ments of Krebs et al. (1953) (Table 2; Table 3, 
Expts. 2 and 3; Table 5), after periods of incubation 
greater than about 10 min., a fall in the rate of 
incorporation was found which could have been due 
either to the inactivation of the phosphorylating 
systems by ageing or to complicating factors not 
operating in the early stages of incubation. 
Experiments described in this paper show that the 
reduction in the rate of incorporation of **P into 
AP is not a result of inactivation of oxidative 
phosphorylation but is due to different rates of 
incorporation into the 8 and y phosphate groups. 


EXPERIMENTAL 


Tissue preparations. Rat-liver mitochondria, washed 
twice with 0-9% (w/v) KCl, were prepared as described by 
Bartley & Davies (1954), except that NaOH was not added 
to the homogenizing medium. 

Special chemicals. ATP was prepared from rabbit muscle 
according to LePage (1949); paper chromatographic 
analysis by the method of Krebs & Hems (1953) showed that 
the phosphorus was distributed as follows: ATP 81-5%, 
adenosine diphosphate (ADP) 11-2%, orthophosphate 
73%. 

All other chemicals were of ‘ AnalaR’ standard. Carrier- 
free KH,**PO, (ca. 1 mc) was obtained in aqueous solution 
from the Atomic Energy Research Establishment, Harwell; 
it was diluted with water to 10 ml. 

Experimental procedures. One of the objects of the experi- 
ments was to determine whether the fall in the rate of in- 
corporation of **P into ATP with time was the result of a 
deterioration of the oxidative phosphorylation system. 
Accordingly, two series of conical Warburg manometric 
vessels were set up; all vessels contained the same medium, 
viz. 0-5 ml. of 002m NaATP; 0-2 ml. of 0-1m potassium 
phosphate buffer, pH 7-4; 0-2 ml. of 0-02m-MgCl, ; 0:5 ml. 
of 0-5m sodium succinate and 0-5 ml. of water. The side 
arm contained 0-1 ml. of the diluted aqueous solution 
of KH,**PO, (ca. 10 uc, equivalent to 1 x 10® counts/min. 
under our conditions) and the centre well contained 0-2 ml. 
of 2n-NaOH and filter paper. The vessels were kept in a 


mixture of ice and water until the mitochondrial suspension 
was ready, when 2 ml. of the suspension were added to each 
vessel. The vessels were attached to the manometers, 
quickly gassed with oxygen and placed in a rack in such a 
way that the vessels were immersed in a trough of ice and 
water. When all were ready they were placed in the water 
bath at 20° and shaken. In one set of vessels the **P was 
tipped at the start of incubation at 20°, whilst in the other 
set, the tipping was made after 30 min. incubation. The 
vessels of the first series were removed from the bath after 
approx. 0, 2, 4, 6 and 8 min. incubation; those of the second 
series were removed at approx. 0, 2, 4, 6, 8, 16 and 32 min. 
after the addition of the *P. Enzymic activities were 
stopped by placing the vessels in a bath of ice and water and 
by the immediate addition of 0-5 ml. 30% (w/v) trichloro- 
acetic acid (TCA). The contents of the vessels were centri- 
fuged for 10 min. at 0° and the supernatants were stored at 
— 14° until they were analysed. The TCA extract was used 
for the quantitative determination of phosphate, ATP, 
ADP, succinate, malate +fumarate and for the measure- 
ment of the radioactivity of the phosphate fractions. The O, 
uptake was measured in all vessels of the second series and 
its average value was used in the calculation of the phos- 
phorylation quotients (equivalents of organic phosphate 
formed/atoms of oxygen consumed). 

Analytical methods. The compounds containing phosphorus 
were separated by paper chromatography (Krebs & Hems, 
1953) and estimated after wet ashing (Hanes & Isherwood, 
1949) by the method of Berenblum & Chain (1938) as 
modified by Bartley (1953). 

Succinate in the TCA extract was estimated directly by 
the use of succinic dehydrogenase (Krebs, 1937). The sum of 
fumarate and malate was determined by the method of 
Nossal (1951) after boiling the extracts for 1 hr. to remove 
TCA. 

Measurements of radioactivity were made in an M6 
liquid counter (Veall, 1948) on samples of the paper digest 
diluted to 10 ml., and corrections were made for isotope 
decay, dead time and background counts. 

Enzymic separation of the P8 and PY of AT'P. The rate of 
incorporation of **P into ATP could not be described by one 
rate constant (see Fig. 2) and it was of interest, therefore, to 
find the radioactivity associated with the B and y phos- 
phorus atoms of ATP. The selective hydrolysis of the P” of 
ATP has been described by Lee & Eiler (1951), who showed 
that incubation of a potato ‘apyrase’ preparation with ATP 
solution at 0° resulted in the appearance of phosphate 
corresponding to that expected from the quantitative 
hydrolysis of the PY. Above-7°, however, a larger amount of 
phosphate was liberated than expected for hydrolysis to 
ADP. 











Vol. 59 


The potato ‘apyrase’ preparation was made and incu- 
bated with ATP at 0 and 40° under the conditions described 
by Lee & Eiler (1951). Samples of the reaction mixture 
were removed after various times and the P-containing 
compounds were separated by paper chromatography and 
then estimated for their phosphorus content. Storage of the 
enzyme preparation for 8 weeks at either 2° or — 18° caused 
no appreciable loss of activity (Tables 1 and 2). On incuba- 
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tion up to 80 min. at 0° the enzyme showed ATPase but no 
ADPase activity, the amounts of ADP and phosphate 
formed being approximately the same. This is also true for 
an incubation period of 10 min. at 40°. On longer periods 
of incubation at 40°, however, adenosine monophosphate 
(AMP) and equivalent amounts of phosphate were formed. 
The change in the amount of ATP was approximately equal 
to the sum of the changes in the amounts of ADP and AMP. 


Table 1. Hydrolysis of ATP by potato ‘apyrase’ (Lee & Eiler, 1951) 
on incubation at 0° 


The incubation mixture with the fresh enzyme contained 0-1 ml. of m sodium succinate buffer, pH 6-5; 0-5 ml. of 
approx. 0-01m ATP; 0-09 ml. of 0-11mM-CaCl, and 0-05 ml. of enzyme preparation (49000 units/ml.) and 1-15 ml. of water. 
In the experiments with the stored enzyme preparation the incubation mixture was the same except that 1-0 ml. of 
approx. 0-01m ATP and 0-75 ml. of water were used. Samples (0-2 or 0-3 ml.) were removed at various times and analysed 


for P-containing compounds. 


Amounts of P-containing compounds* 
present in the incubation mixture 





Period of (umoles/ml.) 
incubation r — _ — 
Enzyme preparation (min.) ATP ADP Orthophosphate 
Fresh 0 2-00 0-65 0-80 
10 1-95 0-80 0-95 
20 1-60 1-15 1-40 
40 0-85 1-45 2-25 
80 0 2-40 3-20 
Stored for 8 weeks at 2° 0 6-45 2-05 1-80 
10 6-20 2-15 2-10 
20 5-80 2-30 2-70 
40 4-95 3°25 3-70 
80 3-20 5°05 5-40 
Stored for 8 weeks at — 18° 0 6-45 1-90 1-80 
10 5°75 2-60 1-55 
20 5°35 2-90 3-20 
40 4-50 3-60 4:30 
80 2-10 5-95 6-80 


* No AMP was detectable on the chromatograms. 


Table 2. Hydrolysis of ATP by potato ‘apyrase’ (Lee & Eiler, 1951) 
on incubation at 40° 


Experimental detail as in Table 1. 


Period of 
incubation 
Enzyme preparation (min.) 
poe 0 
10 
20 
40 
80 
Stored for 8 weeks at 2° 0 
10 
20 
40 
80 


Stored for 8 weeks at — 18° 0 
10 
20 
40 
80 


Amounts of P-containing compounds 
present in the incubation mixture 
(umoles/ml.) 


AMP 


ATP ADP Orthophosphate 
1-95 0-40 0 1-27 
0 2-25 0 3-40 
0 2-20 0 3-80 
0 1-80 0-40 4-35 
0 1-45 0-70 4-70 
6-45 1-85 0 1-90 
3-65 4-55 0 5-00 
1-60 6-30 0-2 7-35 
0-35 7-05 0-45 9-25 
0-20 6-85 0-90 9-60 
6-50 1-75 0 1-85 
2-45 5-60 0 6-20 
0-40 7-40 0-2 8-85 
0-40 7-25 0-45 8-80 
0-25 6°45 1-10 10-20 
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Thus, these results confirm those of Lee & Eiler (1951) and 
show that at 0° the only reaction that appeared to take 


place was 
ATP—ADP +P, (1) 


- whilst at 40° reaction (1) occurred, accompanied by the 
reaction, 


ADP->AMP +P. (2) 


During the preparation of this paper, Nguyen-Van Thoai, 
Roche & Tran-Thi, An(1954) published a study of the potato 
‘apyrase’ enzyme in which they showed by paper chromato- 
graphy that at 37° the hydrolysis of ATP proceeded in two 
stages, the first product being ADP and the second, AMP. 
The formation of AMP from ADP only occurred after the 
total hydrolysis of the terminal phosphate of ATP. The 
cheapness, ease of preparation and stability of this pre- 
paration make it a more convenient tool than myosin for the 
hydrolysis of the PY of ATP. 

Treatment of media. ATP was separated from the reaction 
media and the ‘apyrase’ preparation was then used for the 
hydrolysis of the PY in the following way. 1 ml. of the TCA 
extract was chromatographed as a band according to 
Krebs & Hems (1953). On removal from the chromatogram 
trough the paper was washed with dry ether to remove the 
isobutyric acid of the solvent and to prevent the non- 
enzymic hydrolysis of the ATP. After drying at room 
temperature to remove the ether, the area of the paper 
corresponding to the ATP was indicated as a dark area on 
illumination of the paper with the 25374 Hg line. The 
phosphate content and radioactivity of a portion of this 
area were determined. A convenient portion of the re- 
mainder was placed in a 10 ml. centrifuge tube with 0-1 ml. 
of m sodium succinate buffer, pH 6-5; 0-1 ml. of 0-11M- 
CaCl, ; 1-7 ml. of water and 0-1 ml. of enzyme preparation, 
and kept at 0° for 80 min. The reaction was then stopped 
with 0-2 ml. of 30% (w/v) TCA and the mixture centrifuged. 
The supernatant was chromatographed to separate the 
phosphates and the specific activities of the P® of ADP and 
of the inorganic phosphate (originating from the PY of ATP) 
were measured. 


Table 3. 
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RESULTS 
Incorporation of **P into ATP 


Washed rat-liver mitochondria were used in an 
experiment in which **P was added either at the 
start of incubation or after a preliminary incubation 
of 30 min. Table 3 shows that the amounts of ATP in 
the vessels remained virtually constant throughout 
a total incubation period of 62 min. This has also 
been found with a rat-liver homogenate (Krebs e¢ al. 
1953). 

During the 10 to 60 min. period of incubation the 
rate of oxygen uptake was constant (0-83 patom/ 
min.) (Fig.1). The amounts of succinate removed, and 
of fumarate + malate formed, were approximately 
equivalent, and the average ratio atoms of oxygen 
consumed/moles of fumarate + malate formed, was 
0-93 + 0-08 (s.p., 5 observations) (Table 4). These 
results show that the oxygen consumed was mainly 
due to the reaction, 


succinate + $0, > fumarate + H,O. 


The mean specific activity of the B and y phos- 
phorus atoms of ATP+the B phosphorus atom of 
ADP increased at about the same rate both when the 
radioactivity was added at the start or after 30 min. 
incubation (Table 3). This shows that the mechanism 
for the exchange of the labile P did not deteriorate 
during this time as is also borne out by the main- 
tenance of the ATP. 

A plot of the logarithm of the function 


1—(mean specific activity of the sum of P? + P” of 
ATP and P* of ADP)/(mean specific activity of the 
sum of P8+ PY of ATP, P* of ADP and inorganic P) 
against time (Fig. 2) shows that after the first 
6-8 min. incubation the rate of increase was con- 


Incorporation into ATP of *?P added at the start of incubation of rat-liver mitochondria 


or after 30 min. pre-incubation 


For details see Fig. 1. 


Amounts of 
orthophosphate nucleotide P 


Period of 


Ratio: 
counts/min./pmole 
PP + PY of ATP 
+ P8 of ADP 


Mean specific 
activity of 
P8 + PY of ATP 
+P# of ADP 


Total 





incubation in vessel in vessel (counts/min./ total »moles 

Time when KH,*PO, added (min.) (sec.) (umoles) (umoles) pmole P) exchangeable P 
At start of incubation Oo ¢ 13-7 22-0 0 0-00 
2 15 = 21-3 3490 0-43 
4 15 -—— 21-9 4760 0-60 
6 15 —_— 22-8 5550 0-73 
8 15 12-4 23-7 5470 0-75 
After 30 min. incubation 30. 0 12-3 24:3 0 0-00 
32 15 _ 23-8 3060 0-43 
34 15 — 22-2 4500 0-59 
36 15 21-8 5730 0-71 
38 15 — 21-6 - 6000 0-77 
46 15 — 22:3 6620 0-88 
62 15 12-4 21-7 7300 0-94 
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stant but lower than initially. When a single 
straight line is obtained in such a graph the ex- 
change can be described by a single first-order rate 
constant. Since Fig. 2 shows clearly the presence of 


50 





(1) 


40 


w 
oO 


Nr 
oO 


Oxygen uptake (atoms) 


10 


0 20 40 60 
Time (min.) 


Fig. 1. Oxygen uptake of rat-liver mitochondria. The 
Warburg vessels contained 0-2 ml. of 0-1mM potassium 
phosphate buffer, pH 7-4; 0-2 ml. of 0-02m-MgCl, ; 0-5 ml. 
of 0-5M succinate; 0-5 ml. of approx. 0-02mM ATP; 0-5 ml. 
of water and 2-0 ml. of rat-liver mitochondria suspension 
(dry wt. 45 mg.) in 0-9% (w/v) KCl. The side arms con- 
tained 0-1 ml. of KH,*PO,. Gas phase O,; temp. 20°. 
The points represent individual values for the number of 
vessels shown in parenthesis. The Qo, (ul./mg. dry wt./hr.) 
was approximately — 12. 
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at least two linear components, the incorporation of 
%2P into ATP in this experiment cannot be described 
by an equation containing only one rate constant as 
was presumed by Krebs et al. (1953) for the cases 
analysed by Stewart (1953). 

To see if the P? and P” of ATP exchanged at the 
same rate, the specific activities of the P? and PY 
atoms of ATP were measured separately. The 
results given in Table 5 show that the ratio of 
P’/P® fell from 14 at the end of 2 min. to practically 
unity after 32 min.; hence the rate of incorpora- 
tion into the 8 phosphorus was lower than that into 
the y phosphorus of ATP. 


The calculation of the rate of phosphorylation 


The following treatment is an attempt to deduce 
the rate of exchange of the PY of ATP from the total 
rate of incorporation of *#P into ATP when the 


] 


| 
= 
wv 


counts/min./umole P/+ PY of ATP+P? of ADP 
total counts/min./umoles, total exchangeable P 





Oo 


10 20 30 35 
Period of incubation with ”P (min.) 


log[1 - 


Fig. 2. Theincorporation of **P into ATP during incubation 
at 20° with rat-liver mitochondria. Experimental details 
as in Fig. 1. **P added after 30 min. incubation. The term 

counts/min./umole P? + PY of ATP + P® of ADP 

log} 1 - — - _—— a 

total counts/min./pmoles total exchangeable I 
plotted against time gives a single straight line only when 
all the labile P exchanges at the same rate. 


Table 4. Changes in amounts of succinate, and fumarate + malate in media 
after incubation of rat-liver mitochondria 


Same experiment as described in Fig. 1. 


Amounts found in each 
Warburg vessel 


Period of (umoles) 
incubation Tt eee 
(min.) (sec.) Succinate Fumarate + malate 

0 0 239 0 

30 15 — 23-3 

32 15 + 28-1 

34 15 — 29-7 

36 «(15 — 29-4 

38 15 — 36-7 

62 15 170 69-5 


38 


Oxygen Ratio: 
uptake | patoms O, consumed 
(natoms) pmoles fumarate + malate formed 
0 0 
24-0 1-0 
26-9 0-96 
27:8 0-94 
27-5 0-94 
35-1 0-96 
53-3 0-77 
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Table 5. Comparison of the specific activities of P* and PY atoms of ATP 
after incubation with rat-liver mitochondria 


1955 


Samples of *?P-labelled ATP from the experiment described in Fig. 1 were hydrolysed at 0° with the potato ‘apyrase’ 


of Lee & Eiler (1951). The resultant ADP and orthophosphate were separated by paper chromatography (Krebs & Hems, 


1953) and their specific activities determined. 


KH,”PO, added at start of incubation 


KH,*PO, added after 30 min. incubation 
KX 











tc —* ra ee ee 
Period of Specific activity Specific activity 
incubation of ATP 7 of ATP J 
after addition (counts/min./umole P) y Ratio: (counts/min./pmole P) ee Ratio: 

of radioactivity ee Specific activity of PY Specific activity of P” 
(min.) (sec.) ps py Specific activity of PF Ps py Specific activity of P? 

2 15 1060 8780 8-3 1070 14 900 13-9 

4 15 1960 10300 5-2 1110 10 970 9-9 

6 15 2420 13100 5-4 2 670 14 500 5-4 

16 15 — — “= 10 200 25 300 2-5 

32 15 — — — 15 600 19 300 1-2 


rates of incorporation of #2P into the P? and PY of 
ATP differ. 

The analysis applies to a system in which: 

(a) The total amounts of ATP (AdPPP), of ADP 
(AdPP), of AMP (AdP) and of inorganic phosphate 
(P) remain constant throughout the experiment. 
Thus the rates of phosphorylation of AdPP and of 
dephosphorylation of AdPPP are the same (2): 


Y 
=: AdPPP. 


VY 


AdPP +P (3) 


(6) The exchange of the P® is attributed to the 
myokinase reaction proceeding at the rate v, : 


V2 
2AdPP = AdPPP + AdP. 


Vg 


(4) 


(c) When isotopic phosphate (*?P) takes part in 
reaction (3) only the P’ of AdPPP becomes labelled, 


AdPP +P =AdPPP. (5) 


(d) The AdPP**P formed in (5) can take part in the 
three reactions (6), (7) and (8) catalysed by myo- 
kinase. This leads to a shift of **P from the y to the B 


positions: 
AdPP**P + AdP =AdPP + AdP#P, (6) 


Vg 
AdP**P + AdPP = AdP®2PP + AdP, 


Vg 


AdP*2P + AdP*#?P =AdP*2P22P + AdP. 


(7) 


(8) 


If the specific activity of phosphate is low the chance 
of reaction (8) taking place is small. At equilibrium 


ny, 


d 
ag et) “shite zane = 


n n, 
and o om 


the amount of AdP®?P which has reacted with 
AdPP to form AdP*?PP is proportional to 








: AdPP ; 

AdPP + AdP®P ° 
the amount which has reacted to form AdP**P*P is 
. AgP=?P : h 
proportional to AdPP + AdP=p" Therefore, the 
AdP*P 

io of -labelled to B-labelled ATP i 

ratio of (By)-labelled to f-labelle TP is [app 


and even with a specific activity of 100000 counts/ 
min./pmole P which is double that normally used in 
this type of experiment the number of molecules of 
AdP*?P22P is only 1 per 10’ of the number of mole- 
cules of AdP*2PP. Therefore the amount of radio- 
activity of (By)-labelled ATP may be ignored. 

It must be pointed out that v, includes aerobie 
and any anaerobic phosphorylation. Results 
presented below show, however, that the anaerobic 
phosphorylation with succinate as substrate is very 
small (less than 3%) and hence v, is taken to 
represent the rate of oxidative phosphorylation. 

Let n, = total counts in the system, ng = counts in 
inorganic phosphate, n,=counts in P’ of ATP, 
Ng = counts in P? of ATP, n3= counts in P? of ADP. 

Then, 

(9) 


The terminal phosphate of ADP equilibrates with 
the P* of ATP by (6) and (7) and in the following itis 
assumed that the specific activities of the terminal P 
of ADP and the P* of ATP are equal throughout the 
experiment; the error involved in this procedure is 
discussed later. From reactions (3)—-(7) and the 
condition nz/ATP=n;/ADP it follows that: 


Ny =Ng tN, +Ngt+ Nz. 


Ng t+ Ng 





(10) 
Ng a Ng 


ds ( ny 
— n,=v;| — ———— ] —v.| —- —- ————_—}.. 
a’”~ "\p arp) “\aTp” ATP +ADP 





= = em ow CO 


ti 
su 


Ze 
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The solution of the system (10), ng being eliminated by eqn. 9, is 


—=¢,.0™' +¢,.em + 


o 
ng + Ng 
No 


=¢,.e™! +¢,.e™! + 


ATP 


2ATP+ADP +P’ 


(11) 
ATP+ADP 


2ATP+ADP+P’ 


where m, and m, are the roots of the quadratic equation 


V2 


(12) 





Ut, Ve +3) + 


2 
= +m(ATp +ATP+ADP* P 


Since on 
fo Ng 
" ATP 
c 3 —————————————————— 
2 2ATP + ADP+P 
So that (11) may be written 


n 
—=¢,.em' — 
No 


Ngt+Ng 
————=¢,.e™' —] cg+ 
n, 3 3 


[ ATP 


VW 1 Pe. 
ATP+ADP \ATP P 


y_ Mtns 
and 
ATP 
+ —___—________ Jemat 5. -_________, 
2ATP+ADP+P 2ATP+ADP+P 


__ATP+ADP 
2ATP + ADP +P 


PxATP 


=0 at ¢=0, 


ATP+ADP 


ceenteornaeea (13) 
2ATP+ADP+P 


C3 +C4= —- 


(14) 
ATP+ADP 


2ATP+ADP +P’ 


and the total uptake of radioactivity by the ATP and ADP is described by the equation, 


Ny Ny +NgtNg 
No No 


From eqns. 10 and 13, it follows that 


= (¢,+¢,) e™* — E +e3+ 


& ed =P [ 
p ™=% ¢,(m, — mg) — 
dt Ji+o 


(ng + 75) 
dt t—0 


v 
so that = = 


r 
The phosphorylation velocity, v,, may thus be 
determined from the constants ¢,, ¢3, m, and m,, 
and the values of P, ADP and ATP. However, the 
last term in eqn. 17 is very small compared with the 
first term so that in practice it may be neglected, 
hence 


(€, — €3)(m, — 


(18) 


= = (cy —C3)(m,—™m,). 


The constants are determined as follows: 


N+ 2ATP+ADP 
If log | ————_________ 

n, 2ATP+ADP+P 
time, the slope of the straight line, for values of t 
such that e™' < e™, gives the value of m,. From 
eqn. 15, this straight line when extrapolated to 
zero time gives the value 


] is plotted against 


2ATP + ADP ] 


log I=1 _SATP+ADP | 
oe [atat spa toe Te 


| (where log J is the intercept) which allows the 


calculation of (c,+¢3) by difference. A plot of 


fs. 2ATP + ADP 
l ee ep Pye 
n, 2ATP+ADP+P 


2ATP+ADP 7) 
2ATP +ADP +P 


-—— nf esoms—m) . m( sane sane) | 


mM) + M2 S5TP+ADP+P’ 


2ATP+ ADP 


———_—__——., (15) 
2ATP+ADP+P 


ATP 
™2 SATP+ADP+P |’ 


(16) 
ATP+ADP 


ADP 
(17) 


against time gives a straight line of slope m,. With 
the values of m, and m, known, ¢; is calculated from 
the second eqn. in 16 and c, from the values of I 
and c,. The calculation of the four relevant quanti- 
ties of (18) requires the knowledge of 


2ATP+ ADP 
2ATP+ADP+P’ 


which can always be replaced by (n;,/n,.):-,, the 
fraction of total counts in the adenosine polyphos- 
phates when radioactive equilibrium is reached. 

Precision and errors. A systematic error may be 
introduced by assuming the terminal phosphate of 
ADP to be in equilibrium with the P? of ATP 
throughout the experiment. 

If the uptake of **P into the adenosine phosphates 
is described with sufficient accuracy by a sum of 
two exponential terms, and if ADP is small com- 
pared with ATP—always the case in practice—it 
may be assumed for the purpose of description of 
the uptake, that there are two distinct fractions of 
ADP, one (f) in equilibrium with the PY of ATP 
throughout, the other (1 —f) in equilibrium with the 


38-2 
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P4 of ATP. Proceeding as in eqns. 10 to 17 it may be 
shown that 
M1 _ (C.—¢a)(m— mg) tia 
P 1+fADP/ATP 


Since ADP reaches equilibrium with the PY of 
ATP through v, and with the P? of ATP through 
both v, and v,, f may be replaced by v,/(v, + 2v2). 
So if v,=nv,, the assumption f=0 leads to an 





overestimation of v, by the fraction = . 
5 n+2 ATP 
n being given by 
P P 
(x rp ATP + ans) 
eo (m+ mez) ATP+P 
(= —Mz)(C, — C3) ~ ATP 


from eqns. 12 and 18. 

Thus if n>5 and ATP>5 ADP the overestima- 
tion is smaller than 3%. This requirement is met 
by all the experimental phosphorylation velocities 
quoted here, as calculated by eqn. 18. 

Random errors. It appears from eqn. 18 that the 
error in v, will be that due to the errors in the 
constants. In practice, if m, is at least a few times 
m,, and c, a few times c¢, the error in ¥, is given by 


Av (A=) Z (==)'\ 
Vv Cy m, 
| A log I 
2ATP +ADP 


| ~ 2ATP+ADP+P 


~ 


2 /Am,\?) #4 
+(—*) |. 
my, 


Thus from A log I and Am,, the errors in log J and 
m, estimated from the graphs, the error in v, and 
hence in the phosphorylation quotient may be 
computed. In the experiments considered it was 
about 5-10% in the different cases. 

Experimental verification of the method. A test of 
the validity of the mathematical treatment is 
provided by a comparison of the amounts of radio- 
activity found separately in the P? and PY atoms of 
ATP (by use of the potato apyrase) with those 
predicted by the mathematical treatment based on 
the total radioactivity of ATP. 

The curves shown in Fig. 4 represent the calcu- 
lated values of the ratios, n,/n,,n,/n, and (ng +ng)/n, 
derived only from experimental values of n,/n, by 
the application of eqns. 14 and 15 (for data on 
constants see Fig. 3). The points represent experi- 
mental values, those for n,/n, and (ng+75)/n, being 
obtained by the enzymic hydrolysis of ATP and 
they are in reasonably good agreement with the 
calculated values shown by the curves. Thus, the 
assumptions made in the mathematical analysis are 
justified as a first approximation. 
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Fig. 3. Method of obtaining the rates of incorporation of 
sabi ‘ m,  2ATP+ADP ] 
%2P into ATP. Val f log | — -————_—_——_ | are 
ai ee ewe k 2ATP + ADP +P 
shown plotted against time. In the upper graph the 
linear part of the curve for times greater than 10 min. has 
slope m, and, when it is extrapolated to zero time, the 
intercept on tlie ordinate is 
ia ent 2ATP + ADP 
oO ¢ ————_—~ 
S| 4°" SaTP +ADP +P |’ 
from which the value of c, +c, is obtained. In the lower 
graph, m, is the slope of the straight line obtained by 
plotting values of 


loo | Zt 2ATP +ADP 
n, 2ATP+ADP+P 
2ATP+ADP \ .., 
. (: *%* SATP+ADP + °) ” 
against time. For experimental details see text and 
Table 3. 
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10 20 30 35 
Period of incubation with ”P (min.) 
Fig. 4. The distribution of **P in the P? and P” of ATP after 
various periods of incubation with rat-liver mitochondria. 
The curves represent the following equations: 


n 
— =(c, +¢q) em! 
Ny 

‘ E 


2ATP + ADP 2ATP + ADP 
+¢3 + ——___________ | emat ; ——____, 
2ATP+ADP+P 2ATP+ADP+P 


Y—c,.emt 
*~ ATP ATP 
—| ¢,+——_—_—____ J eat +. ——— 
2ATP +ADP+P 2ATP +ADP +P’ 
Mgt ne =Ce.emt 
Ny Argv " 
2 | ee let ee. 
2ATP +ADP+P 2ATP + ADP +P 


in which the constants (c,, c,, m, and m,) were obtained 
from Fig. 3. The points show the amounts of **P in the 
exchangeable P of ATP and ADP as determined experi- 
mentally. 


Application of the method to the results 
for succinate oxidation 


The method developed in the preceding section 
has been applied to the data of Table 3. Fig. 3 
shows the required plots. The values of the constants 
are as follows: 

m,= —0-44 min.1; m,= —0-046 min.; 
y= —0°37; cs= + 0-034. 
The value of the phosphorylation quotient ob- 
tained from this analysis of the results by the use of 
eqn. 18 was thus 2-4. 

The fall in rate of incorporation of *2P into ATP 
with time found with mitochondria (Table 3) was 
also found by Krebs et al. (1953) with succinate as 
substrate using rat-liver suspension but not when 
pigeon-breast muscle homogenate was used. In the 
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latter case the B and y phosphate groups of ATP 
exchanged with inorganic phosphate at the same 
rate. Analogous falls in the rate of exchange which 
have been found previously with pyruvate and 
citrate as substrate (Bartley, 1953; Krebs et al. 
1953) are reconsidered below. 

Anaerobic phosphorylation with succinate. Whether 
v, is a measure of oxidative phosphorylation depends 
on the absence of anaerobic phosphorylation under 
the test conditions. The ATP content during 
prolonged anaerobic incubation with mitochondria 
falls because of the presence of phosphatases. The 
ATP breakdown was slight, however, during short 
periods of anaerobic incubation (1-2 min.) and 
hence these were used in measuring the anaerobic 
incorporation of **P into ATP. For example, in 
atypical experiment in which no breakdown of ATP 
was detectable, the anaerobic incorporation of *2P 
into ATP in 2 min. of incubation, was only 3% of 
that incorporated aerobically (see also Lee & Eiler, 
1953; Krebs e¢ al. 1953). Thus, anaerobic phos- 
phorylation can have contributed little to the 
incorporation of *2P into ATP when succinate was 
the substrate. 

Phosphorylation quotient for the oxidation of 
pyruvate. In an experiment with pyruvate as the 
substrate and sheep-kidney cyclophorase the ratio 
oxygen consumption/pyruvate disappearance was 
2-5 indicating complete oxidation of the pyruvate 
removed. The experiment satisfied the necessary 
criteria for the steady state in that the amounts of 
ATP and orthophosphate remained constant, but 
application of the formula of Krebs et al. (1953) and 
Stewart (1953) gave values of v, which rapidly 
declined. Thus, the apparent phosphorylation 
quotient was about 2 at 2 min. and fell to about 1 
after 10 min. incubation and plotting the function 

, nN 2ATP+ADP 

7 [= P+2ATP+ aoe | 
against time gave a graph with a change of slope at 
about 5 min. The application of eqns. 15 and 16 
showed c,= — 0-18, cs= +0-012, m,= — 0-47 min. 
and m,= —0-034 min.-!. The other values (in 
pmoles) were as follows: 2ATP=9-56; P=27-1; 
ADP=0-94, hence pmoles P exchanged/min./ 
vessel= 2-42. The oxygen uptake was constant 
at 0-91 yatom/min.; hence the phosphorylation 
quotient = 2-7. This value is somewhat above that 
of 2-2 found by Bartley (1953) in similar experi- 
ments but it is still below the value of 3 which has 
been proposed on theoretical grounds (see Ochoa & 
Stern, 1952). 

Application of the method to other results. The 
phosphorylation quotients given for the oxidation 
of succinate by Krebs et al. (1953) (e.g. Table 2; 
Table 3, Expts. 2 and 3) were lower for longer 
periods of incubation than for short ones. The 
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Table 6. Phosphorylation quotients of succinate, pyruvate and citrate 


Besides the experiments described in this paper, experiments selected from the paper of Krebs ef al. (1953) which showed 
an apparent fall in phosphorylation quotient for liver homogenates with time have been subjected to the mathematical 


analysis. 


Values of phosphorylation Value of 
quotient Krebs et al. (1953) phosphoryla- 
tion quotient 
Mean of Mean of calculated 
first 3 last 3 by method 
Substrate values values m,|m,* described Reference 
Succinate -- -— 9-5 2-4 This paper 
Succinate 2-1 1-2 8-9 2-2 Krebs et al. (1953), table 2 
Succinate 2-3 1-0 17 2-6 Krebs et al. (1953), table 3, expt. 3 
Pyruvate — -_ 14 2-7 This paper 
Citrate 3-6 2-4 6-0 4-2 Krebs et al. (1953), table 5, expt. 1 
Citrate 3-3 3-0 6-1 3-4 Krebs e¢ al. (1953), table 5, expt. 2 
Citrate 3-1 2-2 4-7 3-5 Krebs et al. (1953), table 5, expt. 3 
* See text. 


uptake of radioactive P in the adenosine poly- 
phosphates in those experiments may be described 
within 1 % by a sum of two exponentials which was 
derived from a treatment of the data by the method 
described. Values of v, for these results for the 
oxidation of succinate to fumarate now yield 
phosphorylation quotients for the whole period of 
incubation which agree with those obtained in the 
present work and with that of 2-3 (mean of six 
values) given by Krebs et al. (1953) in Table 3, 
Expt. 1, where a decline in the phosphorylation 
quotient did not occur. 

Similar treatment of the data of Krebs e¢ al. 
(1953) (Table 5; Expts. 1-3) when citrate was the 
substrate gives phosphorylation quotients of 
3-4-4-2 (Table 6). 


DISCUSSION 


The measurement and values of 
phosphorylation quotients 


The results show that the fall in the rate of in- 
corporation of **P into ATP with time is due to a 
slower exchange rate for the P? atom than the PY 
atom. It is probable, therefore, that different rates 
of incorporation into the P® and P” atoms of ATP 
occurred in some previous experiments from this 
laboratory and that uncoupling of the supply of 
respiratory energy from the synthesis of ATP was 
not the cause of the decline in the phosphorylation 
quotient observed by Bartley (1953) and by Krebs 
et al. (1953). 

The re-calculated phosphorylation quotients for 
Table 2 and Table 3, Expt. 3 of Krebs et al. (1953), 
where the reaction apparently was almost com- 
pletely succinate — fumarate, agree with the value 
reported here with a washed mitochondrial sus- 


pension. Since the experiments of Krebs et al. 


(1953) were with unwashed homogenates, the 
agreement illustrates the important point that no 


phosphorylating activity was lost during the 
isolation of the mitochondria from the liver homo- 
genate. A similar observation was made by Slater & 
Holton (1954) with muscle sarcosomes. 

Lee & Eiler (1953) have also measured the 
steady-state incorporation of *P into ATP but 
concluded the phosphorylation quotient for succi- 
nate oxidation to be 1-0. Fluoride and pheno- 
barbitol were present in their incubation medium, 
however, and may account for the low value. 
Employing a method measuring the net synthesis of 
ATP, Slater & Holton (1954) have stated that their 
unpublished results also show a phosphorylation 
quotient of 1-0 for the oxidation of succinate. It 
should be noted that in the experiments giving low 
values, fluoride was always present and this may 
have had unknown effects on the metabolism of the 
mitochondria. 

The value of 2-4 for the phosphorylation quotient 
for succinate oxidation is significantly above 2-0. 
There is no a priori reason why the quotient should 
be a whole number and this result may mean that 
there is not a simple stoicheiometric relationship 
between electron transport and the phosphoryla- 
tion of ADP (see Davies & Krebs, 1952). 

The rates of exchange of the P? and PY of ATP. The 
ratio, m,/m,, gives an estimate of the rate of in- 
corporation of **P into the PY compared with that 
into the P? of ATP, and Table 6 shows that the 
values with succinate as substrate may vary from 9 
to 17 in conditions where the values of the phos- 
phorylation quotients are very similar. This 
indicates differences in the rate, v,, which were 
probably a result of varying amounts of myokinase 
in the preparations used. 

The radioactivity in the P* of ATP may be due to 
the myokinase reaction. In such a case, ADP 
labelled in the terminal P would be an obligatory 
intermediate and at all times during the uptake of 
32P the specific activity of the P? of ADP would be 
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between that of P? and P” of ATP. However, if the 
myokinase reaction has an intermediate complex of 
the type AdPP-PPAd it is possible that P? and P” 
of ATP exchange directly without free labelled 
AdPP being an intermediate according to the 
scheme 


AdPP#P + AdP = AdPP**PPAd = AdP + P??PPAd 


| 

AdPP i AdP#?P 

The importance of this reaction could be assessed by 
a study of the radioactive uptake into P’ of ATP and 
the terminal P of ADP from the P” of ATP using 
purified myokinase. 

Applicability of the method to other systems. It is 
clear from the derivation of the equations that this 
treatment may also be applied to any similar three- 
compartment system in equilibrium, where one 
compound participates simultaneously at different 
rates in two reactions. Sheppard (1948) has made an 
analysis of the three-compartment system in which, 
to find two rates in one experiment, the use of two 
radioactive varieties of the exchanging material is 
required. A system in which reaction rates in 
equilibrium conditions could be investigated in this 
way is the equilibrium of citric, <socitrie and 
aconitic acids in the presence of aconitase. 


SUMMARY 


1. The incorporation of **P-labelled ortho- 
phosphate into ATP in a steady state during the 
oxidation of succinate to fumarate by washed 
suspensions of rat liver mitochondria has been 
studied. The P” became radioactive faster than the 
P® of ATP and the total uptake of #2P could be 
described by the sum of two exponential terms. 

2. A method for the calculation of the rate of the 
reaction ADP +P — ATP and the phosphorylation 
quotient based on the time course of the uptake of 
total radioactive P is described. The amount of *2P 
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incorporated into the P* and P” as calculated by this 
method agrees well with the quantities determined 
experimentally. 

3. The method has been applied to the results of 
Krebs et al. (1953) for the oxidation of succinate and 
citrate and to those obtained in the present work 
for succinate and pyruvate oxidation. Within an 
estimated error of 5-10%, the phosphorylation 
quotient in .the conversion of succinate into 
fumarate was 2-4; for the complete oxidation of 
pyruvate it was 2-7. 


We wish to thank Professor H. A. Krebs, F.R.S., and 
Dr R. E. Davies for much helpful discussion, and Mr A. R. 
Curtis for advice on mathematics. This work was carried out 
during the tenure by one of us (R. W.) of the John Stokes 
Research Fellowship of the University of Sheffield. 
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The Determination of Iron in Plasma or Serum 


By T. H. BOTHWELL* ann BARBARA MALLETT 
Nuffield Department of Clinical Medicine, Radcliffe Infirmary, Oxford 


(Received 10 August 1954) 


Tron circulates in blood plasma as a complex with 
f,-globulin (Schade & Caroline, 1946) which is 
neither dialysable nor ultrafiltrable (Barkan, 1927). 
Most methods for estimating this iron involve three 
stages, (i) incubation of the plasma or serum with 
dilute hydrochloric acid for periods of 15 min. to 
several hours to separate the iron from its protein, 


* Nuffield Travelling Fellow in Medicine. 


(ii) precipitation of plasma proteins with trichloro- 
acetic acid, (iii) formation of a coloured complex 
with reagents such as o-phenanthroline or 2:2’- 
dipyridyl (Hemmeler, 1951). Recently, Ramsay 
(1953) has described a method in which the plasma 
proteins are coagulated in the presence of a buffered 
solution containing a reducing agent and 2:2’- 
dipyridyl. In this way a coloured complex is formed 
under conditions which render reversibility of the 
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reaction unlikely. Ramsay’s results, however, are 
30-60 pg./100 ml. higher than those previously 
published, and he has suggested that the lower 
values found by other workers may be explained by 
a subsequent chemical or physical reaction between 
a proportion of the dissolved iron and the pre- 
cipitated proteins. 

In view of the discrepancies between Ramsay’s 
findings and those of others, it seemed important to 
find out whether all the iron is liberated from its 
protein by hydrochloric acid, and also whether any 
of it is subsequently lost by entrainment with the 
protein precipitated by trichloroacetic acid. These 
two points have been investigated using radio- 
active iron. The results of these experiments made it 
possible to design a method for plasma-iron estima- 
tion which incorporates the basic features of other 
methods but which is more simple and rapid in use. 


EXPERIMENTAL 


Determination of iron in blood plasma 


Glassware. All-glass syringes with stainless-steel needles 
were used for taking blood. The syringes and other glass- 
ware were thoroughly washed and then immersed in 
chromic acid for several hours. They were then rinsed with 
hot and cold tap water, distilled water and finally with glass- 
distilled water. 

Reagents. The following reagents were used (all were AR 
grade and were made up in glass-distilled water): 2N-HCl, 
20% (w/v) trichloroacetic acid (TCA), thioglycollic acid, 
0-4% (w/v) 2:2’-dipyridyl (0-4 g. dissolved in 5 ml. glacia 1 
acetic acid and made up to 100 ml. with glass-distilled 
water), saturated soln. of sodium acetate, standard soln. of 
iron (100 mg. of pure iron wire dissolved in dilute H,SO, and 
oxidized with KMnQ, ; the volume made up to 100 ml. with 
glass-distilled water and diluted 1 in 100 to give a soln. for 
use containing 10 yg./ml.). 

Procedure. 2 ml. 2N-HCl are added to 4 ml. plasma or 
serum and the mixture is stirred with a glass rod. TCA 
(2 ml.) is then added and the final mixture stirred vigorously 
for at least 45sec. After centrifuging for 20 min. at 
2500 rev./min. the supernatant fluid is decanted. The super- 
natant fluid (5 ml.) is then added to a tube containing 2 drops 
of thioglycollic acid, 0-5 ml. 0-4% 2:2’-dipyridyl and 
2-5 ml. sat. soln. of sodium acetate and the mixture shaken 
thoroughly. The colour intensity is measured in a Hilger 
New Biochem. absorptiometer with a 520 mu. filter. This is 
calibrated by means of solutions of iron containing from 
2 to 10 yg. Fe together with 1-25 ml. of 2n-HCl and 1-25 ml. 
20% TCA; the volume is made up to 5 ml. and the mixture 
treated as above. A reagent blank is also measured. 


Comment on procedure 


2:2’-Dipyridyl, first used in the estimation of iron in 
biological material by Hill (1930), forms a stable coloured 
complex with iron within the pH range 3-9 (Moss & Mellon, 
1942). In the method described above, thioglycollic acid, 


which rapidly reduces iron from ferric to the ferrous state 
at pH between 4-5 and 4-9 (Laurell, 1952), was used as the 
reducing agent and the solution buffered with a saturated 
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soln. of sodium acetate. Experiments were carried out to 
find out the importance of the various factors in the colour 
reaction and the accuracy of the method. 

Accuracy of the method (Table 1). The error in measure- 
ment was relatively greater with low concentrations of iron 
but was small enough to allow for moderate accuracy over 
a wide range of iron concentrations. 

Clarity of the centrifuged solution. Hemmeler (1951) has 
reported difficulty in obtaining a clear supernatant after 
centrifuging. However, in the present method it was 
found that vigorous stirring of the mixture before centri- 
fuging yields a clear supernatant that gave readings in the 
colorimeter no higher than a blank made up with the same 
reagents and glass-distilled water. 

Importance of pH. The mean pH of the final soln. was 4-7 
(range 4-54—4-77) in forty-eight estimations carried out with 
a glass electrode. By varying the experimental conditions it 
was also shown that the final pH was not critical enough to 
necessitate the titration of each sample as is described in 
some methods (Table 2). 

Efficiency of thioglycollic acid as a reducing agent. The 
present method was compared with procedures in which the 
colour was developed by different techniques. The super- 
natant fluid was treated in one of two ways. In the first, 
0-1 ml. 0-1m-Na,SO, was used as a reducing agent and the 


Table 1. Accuracy of 2:2’-dipyridyl in determining 
iron in standard solutions 
Ten estimations for each concentration. 


Fe in standard 


solutions Coefficient 
(ug-/100 ml.) of variation 
20 7-0 
80 2-4 
160 0-9 


Table 2. Effect of variations in pH on the 
recovery of iron from standard solutions 


Solutions contained 20-400ug. Fe/100 ml. In this and 
subsequent tables results are given as mean +S.D. 


Range of No. of Fe recovered 
pH estimations (%) 
3-7-4:5 18 98-9 + 2-07 
45-52 20 100-6 + 1-50 


Table 3. Efficiency of thioglycollic acid as a 
reducing agent 


Each estimation was carried out in duplicate on two 
samples, of which one was treated by the present method 
and the other either with Na,SO, or with HNO, and KCNS 
(for details see text). The iron content of the samples 
varied from 30 to 224yg./100 ml. (mean 106yug./100 ml.). 


Mean difference 


No. of between each pair 
Alternative treatment duplicate of estimations 
of iron in supernatant estimations (yg. Fe/100 ml.) 
Reduced with 10 3-442-4 
0-Im-Na,SO, 
Oxidized by boiling - 10 5643-2 


with HNO, and con- 
verted into thiocyanate 
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solution buffered to pH 4-7 with saturated soln. of sodium 
acetate. In the second, the iron was oxidized by boiling for 
30 min. with 0-1 ml. HNO,. By the addition of KCNS the 
iron was converted into thiocyanate and extracted with 
amyl alcohol. In both sets of experiments there was good 
agreement with results obtained by the present method 
(Table 3). 

Timetaken for development of finalcolour. Inthirty samples 
and the reagent blank the intensity of colour was read 
immediately after preparation, then the samples were 
covered with cellophan, incubated at 37° for 1 hr., and 
the reading repeated. The mean difference in plasma iron 
concentration after re-reading was only 0-9,yg./100 ml. 
(s.D.+1-2 wg./100 ml.). 

Reproducibility and effect of anticoagulants. The method 
gave reproducible results unaffected by the use of anti- 
coagulants (Table 4). 

Recovery of added iron. It was shown that iron added to 
plasma either as a salt or bound to £,-globulin (supplied by 
Cutter Laboratories, U.S.A.) could be recovered quanti- 
tatively (Table 5). 

Effect of haemolysis. Red cells of known haemoglobin 
content were washed 3 times with 0-9 % NaCl and were then 
haemolysed with water. Their approximate iron content was 
calculated on the assumption that iron forms 0-34 % of the 
haemoglobin molecule by weight (Bernhart & Skeggs, 
1943). Small volumes of haemolysed solution with iron 
content varying from approximately 60 to 600 ug./100 ml. 
were then added to tweaty plasma samples and the mixtures 
were analysed for iron content. The mean difference in 
plasma iron concentration after the addition of haemolysed 
erythrocytes was only 3-5yg./100 ml. (s.p.14-5yg./ 
100 ml.). 

Comparison with other methods. There was good agreement 
with the results obtained by two other methods for plasma 
iron determination, namely that of Ramsay (1954) and that 
of Barkan & Walker (1940), which is similar in principle to 


Table 4. Reproducibility of results obtained on 
heparinized and oxalated plasma and serum 


The iron concentration of the samples varied from 18 to 
234yug./100 ml. (mean 106yg./100 ml.). 
Mean difference 
between each pair 


No. of of estimations 
estimations (yg. Fe/100 ml.) 
Duplicate samples of 30 2-643°8 
heparinized plasma 
Comparison between 15 3243-9 
heparinized plasma 
and oxalated plasma 
Comparison between 15 2041-9 


heparinized plasma 
and serum 


the present method but which has longer time intervals and 
involves the use of hydrazine sulphate as reducing agent and 
o-phenanthroline for the development of the colour (Table 6). 


Experiments with Fe 


Experiments were carried out to determine whether all 
the iron was detached from the metal- binding protein by pre- 
cipitating the proteins with acids. 

Administration of °Fe. ™FeCl, of high specific activity 
(1 uo/0-5 pg. Fe), obtained from an American source through 
A.E.R.E., Harwell, was given in tracer doses of 10-20 uc to 
a number of subjects in three ways: 

(a) Injected intravenously after having been added in 
vitro to a solution of £,-globulin as described by Huff et al. 
(1951). 

(b) Injected intravenously after preliminary incubation 
with the patient’s plasma as described by Huff et al. (1950). 

(c) Fed by mouth together with approximately 5 mg. of 
unlabelled ferrous ascorbate. 

By taking blood samples at periods of 10-60 min. after 
the administration of Fe it was possible to obtain plasma 
labelled with *°Fe. 

Separation of iron from protein. The radioactivity in 
plasma was compared with that present in the supernatant 
fluid from samples which had been treated in various ways 
with HCl and TCA (Table 7). The counting was done in a 
scintillation counter (type 1186 on loan from A.E.R.E., 
Harwell) by the technique of Badenoch & Callender (1954). 
With the quantities of **Fe used in these studies the 
maximum counting error was +5%. 


RESULTS AND DISCUSSION 


Table 7 shows that complete recoveries were ob- 
tained in 101 estimations. There was no apparent 
difference between the results obtained after 
allowing the plasma to stand for varying periods 
with HCl and trichloroacetic acid and those after 


Table 6. Comparison of results obtained by present 
method with those of two published methods 


The iron concentration of the plasma samples varied 
between 30 and 224yg./100 ml. (mean 103yg./100 ml.). 
Ten duplicate estimations were carried out for each 


comparison. : 
P Mean difference 


between each pair 
of estimations 


Method (ug. Fe/100 ml.) 
Present method compared with 3-0+2-6 
Barkan & Walker’s (1940) method 
Present method compared with 4-6+2-0 


Ramsay’s (1954) modified technique 


Table 5. Recovery of iron added to plasma samples 


Form in which iron was added to 
3 ml. plasma samples 


Standard ferric sulphate solutions 


Ferric sulphate solution buffered 
to pH 6-4 with sodium citrate and 
bound to £,-globulin 


Quantity of 


added iron No. of Recovery 

(ug-/100 ml.) estimations (%) 
2-6 25 98-6+4-2 
2 12 99-0+4-2 
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Table 7. Recoveries of **Fe obtained from plasma treated with 2N-HCl and 20 % trichloroacetic acid 


(A) Samples were mixed with HCl and allowed to stand for 10-60 min. Trichloroacetic acid was then added and the 
samples were mixed thoroughly and allowed to stand for a further 5-60 min. (B) Samples were treated in the same way as 
in (A) except that they were not left to stand after the addition of HCl and trichloroacetic acid. 


Method of administration of *°Fe 

5°Fe bound to £,-globulin and injected 
intravenously (six subjects) 

59Fe incubated with plasma and 
injected intravenously (three subjects) 

5°Fe fed by mouth (three subjects) 


immediate mixing, nor did the initial manner of 
binding the iron to the f,-globulin affect the results. 
However, in four estimations in which the plasma 
proteins were precipitated with trichloroacetic acid 
without having been treated with HCl, recoveries of 
only about 65 % were obtained. 

By giving tracer doses of Fe of high specific 
activity parenterally or orally, it was possible to 
obtain plasma samples in which the transport iron 
attached to £,-globulin was labelled with radio- 
activity. It was shown that this iron was rapidly 
and completely separated from its protein attach- 
ment after thorough mixing with dilute HCl and 
trichloroacetic acid. As there is no reason to believe 
that radioactive iron behaves differently from 
ordinary iron it seems valid to assume that the 
many methods which use such a technique for the 
separation of iron from protein should give reliable 
results. 

The present technique for iron estimation in 
plasma or serum, although it involves no new 
principles, has the advantage of simplicity and 
speed. The results of duplicate analyses have shown 
good agreement, and the occurrence of haemolysis 
has not affected the results significantly. A com- 
parison of the results obtained by this method with 
those obtained by Barkan & Walker (1940) showed 
satisfactory agreement. In addition, it was also 
found that the present method gave results no 
lower than those obtained with Ramsay’s modified 
technique (1954). 


‘ s 
% recoveries of 


Treatment radioiron from 
of plasma No. of supernatant fluid 
samples estimations after centrifuging 
A 28 101-2+3-7 
B 16 100-8 +.5-2 
A 16 97-8+6-2 
B 15 101:0+7°1 
A 7 107-1476 
B 19 104-7 +6-6 
SUMMARY 


1. A simple and rapid modification of previous 
techniques for the estimation of iron in plasma is 
described. 

2. Recovery experiments with **Fe showed that 
iron is effectively separated from f,-globulin in 
plasma by treatment with dilute hydrochloric acid 
and trichloroacetic acid. 


Thanks are due to Mr J. R. P. O’Brien, Dr Sheila T. 
Callender and Dr G. H. Spray for helpful criticisms and to 
Professor L. J. Witts for advice and encouragement. 
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Placental and Blood Histaminase in Human Pregnancy 


By T. E. T. BRADSHAW anp W. J. E. JESSOP* 
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(Received 19 July 1954) 


The histaminase content of human pregnancy 
serum has been investigated by a number of workers 
(Ahlmark, 1944; Anrep, Barsoum & Ibrahim, 1947) 
but the results on the whole have not been con- 
sistent and some of the methods have been criticized. 
Recently Kapeller-Adler (1951) has described a 
simple volumetric method and has suggested a new 
unit, the permanganate unit (P.v.). Using this 
method she has determined serum and placental 
histaminase in cases of normal and toxaemic 
pregnancy. The equation that is most commonly 
used to represent the histamine—histaminase 
reaction is written as follows: 


R.CH,NH, + 0, +H,0 > R.CHO+NH;+H,0,. 


Laskowski (1942) has cast some doubt on the 
accuracy of this equation, but the work of Stephen- 
son (1943), though not finally establishing it, 
supports its principal requirements. 

Kapeller-Adler’s method is essentially an attempt 
to estimate the hydrogen peroxide by its action on 
a dye. Buffered serum is incubated with histamine 
in the presence of indigocarmine and oxygen and the 
hydrogen peroxide liberated decolorizes some of the 
dye. The mixture and a control containing no 
histamine are then titrated with permanganate 
until decolorization is complete. The difference 
between the volumes of permanganate required is 
proportional to the concentration of the enzyme, 
the unit being defined as the amount of enzyme 
which, when incubated with 1 mg. histamine for 
24 hr. at 37° and pH 7-2 inactivates sufficient sub- 
strate to give a difference of 0-1 ml. 0-002N per- 
manganate. According to the above equation this 
will correspond to a rate of histamine destruction of 
0-463 yg./hr. 

Quite apart from the question of the equation 
representing the reaction, the definition of the 
permanganate unit assumes that all the hydrogen 
peroxide evolved and all the permanganate used 
are concerned with the oxidation of the dye to the 
exclusion of the many other oxidizable substances 
present. Kapeller-Adler offers no new evidence 


that this is so. On the contrary, she finds that the 
volume of permanganate used was 6% more than 
that required theoretically on the basis of the volume 
of oxygen consumed. 

* Present address: Department of Social Medicine, 
Trinity College, Dublin. 


In the present investigation an attempt was made 
to confirm the findings of Kapeller-Adler regarding 
histaminase concentrations in blood and placental 
extracts from normal patients and from a few cases 
of toxaemia. Certain modifications in the technique 
were also studied. 


MATERIAL AND METHODS 


The specimens investigated were obtained from patients at 
the Rotunda Hospital, Dublin. 

Estimations of histaminase were carried out by the method 
of Kapeller-Adler (1951) and extracts from placenta were 
prepared in the manner described by Kapeller-Adler 
(1952). In order to secure good agreement between tripli- 
cate estimations it was found necessary to have all appara- 
tus scrupulously clean. Test tubes were cleaned in bichro- 
mate cleaning fluid and all rubber bungs were boiled. 

Use of colorimetry in place of titration. The maximal 
extinction values of both the experimental and control 
mixtures were determined after incubation, using the 
Spekker photoelectric absorptiometer and Ilford Spectrum 
Orange (no. 607) filters, peak transmission 6000 4. It was 
hoped that the difference between the extinction values 
could be correlated with the histaminase concentrations as 
determined by permanganate titration. 

Ammonia estimation. Since ammonia is evolved at the 
same time as hydrogen peroxide in the histamine-hist- 
aminase reaction, it should be possible to estimate the con- 
centration of enzyme by determining the amount of 
ammonia liberated, using the Conway (1940) microdiffusion 
technique. 


RESULTS 


Histaminase content of pregnancy serum. Eighty- 
three cases of normal pregnancy ranging from the 
14th to the 40th week were investigated and the 
results are shown in Fig. 1. It will be seen that (i) 
different cases at the same period of pregnancy 
showed wide variations in serum histaminase levels, 
(ii) the values obtained bore no relation to the 
period of pregnancy, and (iii) the range of values 
varied from 0-6 to 10-6 P.v./ml., the majority lying 
between 2 and 6 p.v./ml. 

Four cases of toxaemia were investigated, two at 
36 weeks and two at full term. The histaminase 
levels were 2-0, 8-4, 3-4, and 4-8 p.v./ml. respectively. 

Placental histaminase. Fourteen normal placentae 
were extracted and the histaminase content was 
determined. The results are given in Table 1, where 
it will be seen that values vary from 2-5 to 21 P.v./g. 
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Table 1. Histaminase content of normal placentae 


Results expressed in permanganate units/g. fresh tissue 


(P.U./g.). F 
s+) After extraction 


overnight in 


After extraction 
for 1 hr. at 


Placenta room temp. refrigerator 
(no.) (P.U./g.) (P.U./g.) 
1 5 —_— 

2 10 = 
3 21 — 

4 15 — 

5 13 i 
6 2 _— 

7 5 6-5 
8 a) 9 
9 10 20 

10 12 16 
1] 7 13 
12 8-5 11 
13 2-5 10 
14 5 6-5 


of fresh tissue. Inasingle case of severe toxaemia, the 
placenta showed a histaminase content of 8 P.v./g. 

In eight normal cases, after the placental tissue 
had been extracted for a period of 1 hr., as required 
by the Kapeller-Adler method, the extraction was 
allowed to proceed overnight in the refrigerator. It 
will be seen from the third column of Table 1 that 
the histaminase content of the extract at the end 
of this period greatly exceeded that of the 1 hr. 
extract and that the relative increase varied con- 
siderably from one specimen to another. 

Use of colorimetry instead of titration. Satisfactory 
results could not be obtained by substituting colori- 
metry for permanganate titration. The solution 


after incubation was always cloudy, and when it 
was filtered some of the dye was always adsorbed on 
the filter paper. The extent of this adsorption was 
variable, so that triplicate estimations rarely 
agreed. Furthermore, in those cases where there 
was agreement between triplicates, the difference 
in colour between the test solutions and controls 
was extremely small, and the probable experi- 
mental error therefore great. The modification 
compared unfavourably with permanganate titra- 
tion from both points of view. 

Ammonia estimation. The results of attempts to 
estimate histaminase in serum and in extracts from 
fresh placenta or from acetone dried placenta by 
determining the amount of ammonia liberated were 
also unsatisfactory. Triplicate estimations differed 
widely and the control samples frequently showed 
a greater evolution of ammonia than the samples 
containing histamine. It seems likely that these 
inconsistencies may have been due to the liberation 
of ammonia from nitrogenous constituents other 
than histamine by micro-organisms, as it is ex- 
tremely difficult to maintain sterile conditions. 


DISCUSSION 
The results obtained differ from those of Kapeller- 
Adler, serum histaminase levels being very much 
lower and the scatter very much wider than reported 
by her. The levels showed no relationship to the 
period of pregnancy, whereas those of Kapeller- 
Adler showed a fairly steady rise from the 14th to 
the 24th week, followed by a fall through the 
remainder of the pregnancy and through labour to 
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Table 2. Range of histaminolytic activity of normal 
pregnancy serum at intervals of 2 weeks from the 
14th week onwards, as found by various investi- 
gators 
Results expressed in pg. histamine inactivated during 

1 hr. incubation (yg./hr.) by 1 ml. serum. 


Ahlmark Kapeller- Present 
Week of (1944) Adler (1951) authors 
pregnancy (g./hr-) (ug-/hr.) (ug-/hr.) 
14 1-0-2-1 0-9-3-2 0-5-1-4 
16 1-1-3-0 1-6-3-2 0-745 

18 1-3-4-0 2-3-5:1 2-3 
20 2-0-4-0 4-6-56 0-6-3-9 
22 2-2-6-0 5-5-8-7 1-1-2-4 
24 2-0-5-2 9-0-10-8 1-8-3-4 
26 2-1-5-6 9-7 0-3-2-4 
28 2-1-5-0 6-7-9-0 1-2-3-8 
30 3-141 6-7-6-9 1-3-4-9 
32 2-0-4:3 5-1-9-3 2-6-4-2 
34 1-5-6-0 5-5-6-0 0-9-2-8 
36 2-0-4-0 6-0-6-4 1-1-3-1 
38 2-141 4-8-5:3 1-4-2-8 
40 2-0-5-6 4-1-7-1 1-6-3-1 


the puerperium. Ahlmark (1944) recorded levels 
of histaminolytic power (determined biologically) 
which do not differ greatly from those reported 
here. His figures, those of Kapeller-Adler, and ours, 
all expressed in pg. histamine inactivated/hour by 
1 ml. serum are shown in Table 2. 

There is a similar discrepancy between Kapeller- 
Adler’s results and ours for normal placentae at 
full term. Whereas we found a range of 2-5 to 
21 p.u./g. tissue, with an average of 9-4 P.U./g., 
Kapeller-Adler reported an average of about 10 
times this figure, 99 P.v./g. 


SUMMARY 


1. When certain precautions were taken, the 
Kapeller-Adler technique gave consistent results in 
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the estimation of histaminase in pregnancy serum 
and in placental extracts. Attempts to develop 
a colorimetric modification or to use the ammonia 
evolved as a basis for the estimation were not 
successful. 

2. In eighty-three cases of normal pregnancy, 
ranging from 14 to 40 weeks, serum histaminase 
varied from 0-6 to 10-6 permanganate units (P.U.)/ 
ml., the majority lying between 2 and 6 p.v. The 
values bore no relation to the period of pregnancy 
and different cases at the same period showed wide 
variations. 

3. In fourteen cases of normal full-term preg- 
nancy, placental histaminase varied from 2-5 to 
21 p.v./g. fresh tissue, the majority lying between 5 
and 10 p.vu. Extraction in the refrigerator overnight 
increased the yield of histaminase. 

4. In four cases of toxaemia, serum histaminase 
values were within normal limits and the hist- 
aminase content of placenta in one toxaemia case 
was also normal. 


This work was carried out during the tenure of a grant 
held by one of us (T. B.) from the Medical Research Council 
for Ireland. Our thanks are due to Dr Kapeller-Adler for 
demonstrating her method. 
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The Effect of Ergosterol and Ergocalciferol on the 
Anaerobic Glycolysis of Rat-liver Slices 


By G. N. FESTENSTEIN 
Physiology Department, University of the Witwatersrand, Johannesburg, South Africa 


(Received 3 September 1954) 


The exact biochemical role of vitamin D has not 
been established (Nicolaysen & Eeg-Larsen, 1953), 
but the vitamin is known to affect carbohydrate 
metabolism. In avitaminosis D, the rate of phos- 
phorylation of carbohydrates is diminished and 
administration of vitamin D to rats leads to increased 
glycogen deposition in liver and muscle, as well as 
to an increased carbohydrate/lactic acid ratio in 
blood, liver and muscle (Pincussen, 1941). Zetter- 


strém (1951) recently investigated the effect of 
adding phosphorylated vitamin D to a suspension 
of kidney mitochondria containing glutamate as 
oxidizable substrate, when an increased rate of 
oxygen uptake was found. 

Simonsen & van Wagtendonk (1947) found that 
ergosterol increased the lowered anaerobic glyco- 
lysis rate of liver homogenates from guinea pigs 
suffering from the ‘stiffness syndrome’. It has been 








606 


suggested (Festenstein, 1951) that the stiffness 
syndrome is analogous to hypervitaminosis D and 
therefore it might be expected that ergosterol and 
ergocalciferol would have different .effects on 
anaerobic glycolysis. The present study was under- 
taken to elucidate these effects. 

The initial problem was to find a satisfactory 
method of preparing a stable aqueous colloidal 
suspension of sterol, the dispersing agent of which 
would have a minimal or no effect on the anaerobic 
glycolysis. Zetterstrém (1951; see also Zetterstrém 
& Ljunggren, 1951), used phosphorylated ergocalci- 
ferol which is water-soluble, but in the present 
study, involving the free vitamin and provitamin, it 
was necessary to try various dispersing agents such 
as propylene glycol (propane-1:2-diol), Tween 80 
and a mixture of lecithin and sodium stearate, which 
have been used by Chiu (1950), Szego (1952) and 
Dirscherl & Hauptmann (1950), respectively, for 
preparing aqueous dispersions of adrenal steroids. 





EXPERIMENTAL 


Experimental animals. Rats of the Wistar strain, 100- 
250 g. body wt., were used. They were fed on a diet con- 
sisting of 69% maize meal, 8% brewer’s yeast, 8% fat, 
15% milk powder with a supplement of 6 ml. hake-liver oil 
for every 8 lb. food. 

Preparation of tissue slices. The animal was fasted over- 
night (usually 16 hr.), then killed by a blow on the head and 
bled. The liver was removed immediately and after washing 
in the ice-cold basic medium, was kept at 0°. Slices were cut 
by the method of Stadie & Riggs (1944) and suspended in 
ice-cold medium. A portion of the liver was blotted, 
weighed and set aside for drying (at 110°), to obtain the wet 
wt./dry wt. ratio. The slices themselves were then blotted 
and weighed and about 100 mg. (three or four slices) were 
transferred to the prepared medium (usually 1-0 ml.) in a 
conical Warburg flask. As each flask was prepared it was 
attached to a manometer and immersed in an ice bath until 
all the required flasks were completed. 

Measurement of anaerobic glycolysis. The gas phase was 
a mixture of 95% N, and 5% CO, from which O, had pre- 
viously been removed by standing over yellow phosphorus 
for 2 days (Burris, 1949). The flasks were filled with the gas 
mixture by repeated alternate evacuation and refilling 
(Burris, 1949). The original apparatus described for this 
purpose was slightly modified in that the top of each mano- 
meter was fitted with a glass tube in the form of a reversed 
‘h’, and a glass train of T-tubes was used to join the tops of 
the manometer circle. 25 min. were required for equilibra- 
tion instead of the usual 10-15 min.; this period was 
ascertained by placing thermobarometers both inside and 
outside the evacuation train, and it seemed that the longer 
period was in some way associated with the evacuation 
method of filling the manometric flasks. Each experiment 
usually involved the use of six to eight flasks. Two, outside 
the evacuation train, contained water and served as thermo- 
barometers; the others contained tissue slices suspended in 
the basic medium with or without the test substance, an 
equal number of control and test flasks being generally 
used. 
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Suspending media. Bicarbonate—Ringer solution (Krebs 
& Henseleit, 1932) containing 0-2% (w/v) glucose was used 
as the basic suspending medium. Additional substances 
were usually added in solution and amounted to 10% of the 
final volume. After preparation, the media were kept at 0° 
and a slow stream of 95% N, +5 % CO, was passed through 
them. The required media were placed in the Warburg 
flasks just before inserting the tissue slices. Q53, represents 
pl. CO,/mg. dry weight/hr. 

Reagents. Propylene glycol (U.S.P.) and Tween 80 
(Honeywill and Stein Ltd., London) were obtained com- 
mercially. Lecithin was prepared according to the method 
of Pangborn (1951) and stored in ethanol under an atmos- 
phere of N,. Ergosterol and ergocalciferol were gifts from 
Glaxo Laboratories. 

Absorption spectra. These were determined using a 
Beckman model DU spectrophotometer. 


The preparation of aqueous solutions of 
ergosterol and ergocalciferol 


Propylene glycol. Chiu (1950) used propylene glycol- 
water (2:1, by vol.) as a solvent for adrenal steroids and 
found that 0-1 ml. solvent/2 ml. aqueous medium had no 
effect on glycogen synthesis by rat- and rabbit-liver slices, 
while 0-3 ml./2 ml. medium was markedly inhibitory. 

In the present investigation propylene glycol was found 
to inhibit the anaerobic glycolysis of rat-liver slices, the 
inhibition varying from 18% (P<0-1) to 41% (P<0-01) 
for 1 and 10% (v/v) propylene glycol, respectively, during 
the first hour. 

Propylene glycol was also tested as a solvent for ergosterol 
by absorption-spectrum measurements on the solution. 
At Anax, 282°5 mp., H}%, =260, and it was established that 
a saturated solution contained 0-027% ergosterol. On 
dilution of this saturated solution with 9 vol. of the Krebs 
bicarbonate medium, flocculation occurred and the spec- 
trum showed considerable ‘end absorption’, with only very 
weak maxima characteristic of ergosterol. Correction for 
irrelevant absorption by the ‘line method’ of Glover (1949; 
see also Glover, Glover & Morton, 1952) showed that only 
14% of the ergosterol originally present remained in 
solution. 

Since a 1 % solution of propylene glycol produces appreci- 
able inhibition of anaerobic glycolysis, and when saturated 
with ergosterol contains only 2-7 yg./ml. ergosterol dis- 
regarding flocculation, its use as a solvent was abandoned. 

Tween 80. According to Szego (1952), 10 ml. 0:3% 
Tween 80 in 0-9% NaCl dissolves 25 mg. adrenal steroid. 

In the present work, dispersions were prepared by heating 
a 0-02% solution of ergosterol in ethanol with aqueous 
Tween 80, under an atmosphere of Ng, until all the ethanol 
had been removed. Spectra were examined using com- 
pensator solutions prepared in the same way, but without 
sterol. The minimum concentration of Tween 80 found 
necessary to produce a 100yg./ml. solution of ergosterol 
showing a characteristic absorption spectrum was 0-1%. 

Tween 80 inhibited the anaerobic glycolysis of rat-liver 
slices by 19% (P<0-1) and 24% (P<0-05) using 0-1% 
(with a female rat) and 0-01 % (with a male rat) of detergent, 
respectively. Since 1 ml. 0-1% Tween 80 dissolves 100 yg. 
ergosterol, the maximum concentration of the sterol that 
can be investigated without the detergent affecting glyco- 
lysis is less than 10 vg./ml. and, therefore, as for propylene 
glycol, this limits the use of the solvent. 
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Lecithin and sodium stearate. Dirscherl & Hauptmann 
(1950) prepared aqueous solutions of androgens and oestro- 
gens by adding 3 mg. of substance in 50 ml. ethanol to 
500 ml. of an aqueous solution containing 0-1% sodium 
stearate and 0-02 % lecithin. Hanahan & Wakil (1953) also 
used lecithin to disperse ergosterol in phosphate buffer. 

In the present work, this method has been modified and 
sodium stearate has not been used. For a 100 yg./ml. sterol 
solution, ethanolic solutions of sterol (200 ug./ml.; 2-5 ml.) 
and lecithin (3-6%; 0-5 ml.) were taken, water added and 
ethanol removed by heating under an atmosphere of N,. The 
volume was then madeupto5 ml. It was also found possible 
to prepare a 1 mg./ml. solution of sterol in 3-6% aqueous 
lecithin, although such solutions were rather viscous. 

The absorption spectra of the solutions were determined 
using compensator solutions prepared in the same way 
but without sterol. Aqueous ergosterol-lecithin solutions 
showed appreciable non-selective absorption below 240 my. 
and above 310 mz., as compared with the spectrum of an 
ethanolic ergosterol solution. The true absorption due to the 
ergosterol at 282 my. was estimated by correcting for the 
irrelevant absorption by the ‘line method’ of Glover (1949). 
Of eight solutions examined, the mean amount of ergosterol 
in true solution was 50% (range 37-61). 

The absorption spectra of aqueous ergocalciferol-lecithin 
solutions approximated closely to the spectrum of ergo- 
calciferol in ethanol. 

Solutions containing up to 0-36% lecithin in the Krebs 
medium had no effect on the anaerobic glycolysis rate of 
rat-liver slices during the first hour, but during a second 
hour variable results were obtained. 

The solutions of ergosterol and ergocalciferol in aqueous 
lecithin were found to vary in stability, depending on their 
concentration: 1 mg./ml. solutions of sterol were stable for 
3 days, 100yug./ml. solutions showed loss in intensity of 
absorption spectra, whereas 10 ug./ml. solutions completely 
lost their characteristic absorption spectra after this time; 
new maxima appeared in the latter case, being at 260 mu. 
for ergosterol, and at 254 mu. for ergocalciferol solutions. 


RESULTS 


The effect of ergosterol and ergocalciferol on 

anaerobic glycolysis 
All experiments were carried out using lecithin as 
solubilizing agent, and the sterol solutions were 
usually prepared directly before use. The results 
shown in Fig. 1 refer to the first hour of glycolysis. 
The values during the second hour were not re- 
garded as reliable on account of the variable be- 
haviour of the lecithin solutions during this period. 
The mean Q 8, for all the control flasks was 0-71 
(range 0-46—1-07). 

The effect of ergosterol on anaerobic glycolysis of 
liver slices from male rats showed a decreasing 
inhibition with time, as shown in Fig. 2, whereas 
all the other effects investigated were apparently 
constant with time, over the period studied. The 
results for the effect of ergocalciferol on male 
animals show considerable variation within a single 
experiment: thus for 10 yg./ml. the point given in 
Fig. 1 has been calculated using the combined 
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Fig. 1. Effect of ergosterol and ergocalciferol on the 
anaerobic glycolysis rate of rat-liver slices: the sex of the 
animal used is shown by the appropriate symbol; © 
represents ergosterol and @ ergocalciferol. Each point 
represents one rat, except for the ergocalciferol 10 yg./ml. 
(male rat) point, which combines results for two animals. 
Three control samples and three samples +sterol were 
usually obtained from each animal. For points marked © 
and @ P<0-1; for the others (number of points shown in 
parentheses) P<0-01 (8), P<0-02 (3) and P<0-05 (4). 
(The three points showing no inhibition are not included 
here.) The more statistically significant results (P <0-01 
and P<0-02) are all for concentrations >10,yg./ml. 
sterol. 


08 


06 


04 


02 


KI. CO2/mg. dry weight of tissue 


30 40 50 60 70 80 9 
Time (min.) 


0 10 20 


Fig. 2. Progress of glycolysis of rat-liver slices in the 
presence of 10g./ml. ergosterol: the left and right pairs 
of curves represent data for a female and a male rat, 
respectively; control values are represented by O and 
those obtained in presence of sterol by @. For the male 
rat zero time corresponds to 30 min. on the scale. After 
30 min. the percentage inhibition of glycolysis is 22% 
(P <0-02) and 32% (P<0-01), and after 60 min. 19% 
(P <0-01) and 21% (P<0-01), for the female and male 
rats, respectively. The 60 min. values are included in 
Fig. 1. 
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results of two separate animals; for the results of the 
single animals the inhibition is not statistically 
significant (P> 0-1 in each case). Other determina- 
tions (not shown in Fig. 1), for 0-lyg./ml. and 
0-01 pg./ml. suggested small inhibitions which were 
also not statistically significant (P > 0-1). 





The spectra of ergosterol and ergocalciferol 
solutions after incubation with rat-liver slices 


The solutions after incubation with liver slices in 
the usual way for 2 hr. at 38°, were filtered and 
examined spectroscopically. Combined lecithin 
solutions from the control Warburg flasks were 
used as compensator to examine the spectrum of the 
combined lecithin-sterol solutions. It was usually 
found necessary to dilute both solutions 20-30 
times, in order to examine the spectra, since the 
lecithin solution itself showed strong absorption at 
260 mp. compared with an unincubated solution; 
this was probably due to dissolved nucleic acid from 
the liver slices. In some cases it was found that the 
compensator solution showed stronger absorption 
than the sterol solution, with a maximum at 
260 my.; in these cases it is most likely that more 
nucleic acid had dissolved out in the control 
solutions, but it also suggests that the results to be 
reported must be treated with caution. 

After incubation with liver slices from female rats, 
ergosterol solutions (100 and 10,yg./ml.) still 
showed absorption maxima characteristic of ergo- 
sterol, though for the 100 yg./ml. solution there was 
also increased absorption near 290 myp., whereas 
a 10yg./ml. solution used with slices from liver of 
a male rat showed the chief maximum at 290 mz. 
Two ergocalciferol solutions (10 yg./ml.) showed 
maxima at 250 and 295 my. when liver slices from 
male rats were used, while a 10 yg./ml. solution used 
with liver slices from a female rat showed maxima 
at 260 and 320muz., as also did a 100,yg./ml. 
solution using a male rat. 


DISCUSSION 


Both ergosterol and ergocalciferol cause inhibition 
of anaerobic glycolysis in rat-liver slices ; this finding 
is in accord with the earlier observation of Pin- 
cussen (1941), that vitamin D increases the carbo- 
hydrate/lactic acid ratio in liver. 

The effects of the sterols are qualitatively similar ; 
the quantitative differences suggest that ergo- 
sterol has a greater inhibiting effect on the glycolysis 
of male tissues, whereas ergocalciferol has a greater 
effect on female tissues. It is interesting to compare 
these observations with those of Dirscherl & 
Kniichel (1950), who found that testosterone pro- 
pionate and oestrone inhibited the anaerobic 
glycolysis rate of liver slices and diaphragms of 
infant mice; with testosterone, male tissues were 
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more affected than female, and with oestrone, 
female tissues were more affected than male. Both 
hormones were inactive at concentrations from 
10-6 to 10-8 ng./ml. and 1 »g./ml. produced appreci- 
able inhibition of glycolysis. 

There is further evidence to indicate some 
similarity between the biochemical effects of 
oestrogens and ergocalciferol, and those of testo- 
sterone and ergosterol: Levrat & Brette (1951) 
found that gynaecomastia followed certain cases of 
administration of large doses of ergocalciferol, and 
the effects were abolished by testosterone pro- 
pionate. Simonsen & van Wagtendonk (1947) also 
found that testosterone propionate could increase 
the lowered anaerobic glycolysis rate of guinea pig 
liver homogenates obtained from animals suffering 
from the stiffness syndrome. It has, however, 
been shown by Dirscherl, Bergmeyer & Breuer 
(1952), that testosterone propionate activates the 
anaerobic glycolysis rate of vesicular glands of mice 
if the rate is low, and inhibits the glycolysis if the 
rate is high. For the liver homogenates from 
guinea pigs suffering from the stiffness syndrome the 
rate is certainly low as compared to normal, and 
therefore the activation by testosterone in this case 
may be an effect similar to that observed by 
Dirscherl et al. (1952). 

That ‘7-dehydrosteroids’ (5:7-dienes) may have 
some relation to normal sexual function is suggested 
by the findings of Morton & Rosen (1949), confirmed 
by Festenstein & Morton (unpublished), of a high 
7-dehydrosteroid content of frog ovaries during the 
reproductive phase. Feyel-Cabanes (1949), showed 
that pregnant rabbits after ovariectomy did not 
maintain pregnancy, despite progesterone in- 
jections, unless ergosterol or 7-dehydrocholesterol 
was also injected. Following various animal tests, 
neither of the 7-dehydrosteroids possessed pro- 
gesterone-like, oestrogenic or androgenic activity. 

The decreasing effect of the ergosterol inhibition 
with time, observed for male rat-liver slices, 
suggests that there may be some inactivation of this 
substance by the liver tissue. Ocestrogens are 
believed to be inactivated by liver tissue (Paschkis 
& Rakoff, 1950), but Dirscherl & Hauptmann 
(1950) found that both oestrone and testosterone 
produced a constant inhibition of anaerobic 
glycolysis of mouse-liver slices, for several hours, 
provided glucose was present in the incubating 
medium. 

The absorption maximum observed at 290 muz., 
after incubation of ergosterol with male rat-liver 
slices may be due to a product of inactivation, yet it 
is doubtful whether this is specific for male animals, 
since ergosterol solutions incubated with female 
tissue also show increased absorption at 290 muz.; 
the 295 my. and 320myp. maxima, found after 
incubation of ergocalciferol solutions with rat-liver 
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slices, appear for both male and female animals. 
Glover et al. (1952) found that after administration 
of 7-dehydrocholesterol to guinea pigs, the sub- 
stance had a ‘transient existence’ in the liver. 
Tuboi (1948), perfused rabbit liver with ergosterol 
and 7-dehydrocholesterol, when these substances 
disappeared, and gave rise to cholic and deoxy- 
cholic acids in each case. These acids do not show 
selective absorption in the region of 290 myz., so 
that the maximum at 290 mp. may be due to an 
intermediate in the conversion of ergosterol into 
the acids. 


SUMMARY 


1. The use of propylene glycol, Tween 80 and 
lecithin for producing aqueous solutions of ergo- 
sterol has been investigated. 

2. The effect of the above substances on the 
anaerobic glycolysis rate of rat-liver slices has been 
studied: 0-01 % (v/v) Tween 80 and 1% propylene 
glycol show appreciable inhibition of glycolysis, 
whereas lecithin up to 0-36 % has no effect. 

3. Solutions of ergosterol and ergocalciferol in 
aqueous lecithin have been used to investigate the 
effect of these sterols on the anaerobic glycolysis 
rate of rat-liver slices; there is increasing inhibition 
of glycolysis with concentration, for the range 
10-*—-10? yg./ml., ergosterol having a greater effect 
on male tissue, and ergocalciferol a greater effect on 
female tissue. 

4. The spectra of aqueous ergosterol and ergo- 
calciferol solutions have been investigated, after 
incubation with rat-liver slices. 

Thanks are due te Professor J. Gillman for kindly pro- 
viding laboratory facilities, to Mr O. H. Callaghan, for 
assistance during part of the experimental work, and to 
Dr J. Glover of Liverpool University for assistance with the 
manuscript. 
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Purification and Properties of the Amine Oxidase of Pea Seedlings 


By P. J. G. MANN 
Biochemistry Department, Rothamsted Experimental Station, Harpenden Hertfordshire 


(Received 6 September 1954) 


Researches extending over the past twenty-six 
years have established the presence in animal tissues 
of two oxidases, or groups of oxidases, which 
catalyse the oxidation of amines. Amine oxidase, or 
monoamine oxidase, catalyses the oxidation of 
aliphatic monoamines, of phenylalkylamines and of 
diamines of the general formula NH,(CH,),NH, 
with a long hydrocarbon chain. Thus Blaschko & 
Hawkins (1950) reported that such diamines were 
oxidized by amine oxidase when n> 6. The relative 
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rates of oxidation of different substrates by mono- 
amine oxidase vary with the source of the enzyme. 
It is not yet clear how far this is due to variations in 
the specificity of the enzyme from different sources 
or to the presence of a mixture of enzymes. Werle 
& Roewer (1952) have advanced evidence for the 
existence in both animal and plant tissues of distinct 
enzymes catalysing the oxidation of aliphatic 
monoamines and phenylalkylamines respectively. 
Diamine oxidase catalyses the oxidation of diamines 
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of the general formula NH,(CH,),NH,, where 
n= 2-8 (Zeller, 1938; Blaschko & Duthie, 1945), and 
of certain substituted diamines such as histamine 
and agmatine. As with monoamine -oxidase the 
relative rates of oxidation of different substrates by 
diamine oxidase vary with the source of the enzyme. 
The two groups of oxidases have hitherto been 
differentiated not only by their differences in sub- 
strate specificity but also by the effects of inhibitors. 
Diamine oxidase, in contrast to monoamine oxidase, 
is inhibited by cyanide and by carbonyl reagents. 
Hirsch (1953) described an amine oxidase of sheep 
and ox serum, spermine oxidase, which does not fall 
into either of these groups. It catalyses the oxida- 
tion of spermine and spermidine but not that of 
1:4-diaminobutane or of histamine, typical sub- 
strates of diamine oxidase. Like diamine oxidase it 
is inhibited by cyanide and carbonyl] reagents. The 
results of Tabor, Tabor & Rosenthal (1945), with 
a purified preparation of the enzyme from ox plasma, 
suggest that, apart from the oxidation of spermine 
and spermidine, the enzyme is more closely related 
to monoamine oxidase than diamine oxidase in 
substrate specificity. Thus the oxidation of both 
aliphatic monoamines and phenylalkylamines is 
catalysed by the enzyme though the rate of oxida- 
tion of tyramine, a typical substrate of monoamine 
oxidase, is slow. Also, like the monoamine oxidase, 
it catalyses the oxidation of the long-chain diamine, 
1:10-diaminodecane. 

The enzymes of higher plants which catalyse the 
oxidation of amines have, until recent years, re- 
ceived little attention. Cromwell (1943) showed the 
presence in Atropa belladonna of an enzyme cata- 
lysing the oxidation of 1:4-diaminobutane (put- 
rescine), and Werle & Raub (1948) found a hist- 
aminase in a number of plant families, especially in 
leguminosae. Werle & Pechmann (1949) found that 
this enzyme also attacks 1:4-diaminobutane and 
1:5-diaminopentane and claimed that it corre- 
sponds to the diamine oxidase of animal tissues. 
Like the latter enzyme it is inhibited by cyanide 
and semicarbazide. A plant enzyme differing in 
distribution from the plant diamine oxidase and 
catalysing the oxidation of aliphatic monoamines 
and phenylalkylamines was described by Werle & 
Roewer (1950). Like animal monoamine oxidase 
this enzyme is not inhibited by cyanide or semi- 
carbazide. 

Kenten & Mann (1952) found that extracts of 
pea seedlings (Pisum sativum L.), and partially 
purified enzyme preparations made therefrom, 
catalysed the oxidation not only of aliphatic di- 
amines but also of phenylalkylamines. The oxida- 
tion of the phenylalkylamines was apparently not 
due to the presence of the monoamine oxidase of 
Werle & Roewer (1950) since, like that of the 
diamines, it was inhibited by cyanide and semi- 
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earbazide. The aliphatic monoamines tested were 
not readily attacked but some increase in oxygen 
uptake was obtained with ethanolamine, ethyl- 
amine, allylamine, and n-heptylamine. Of the 
amino acids tested, L-lysine caused a small but 
definite increase in the oxygen uptake of the 
extracts. The evidence, though not conclusive, 
suggested that the oxidation of the mono- and di- 
amines is catalysed by the same enzyme plant amine 
oxidase. 

The present work was undertaken when it was 
found that under conditions of pH different from 
those used by Kenten & Mann (1952), L-lysine was 
more readily oxidized by the pea-seedling extracts 
and enzyme preparations. A method is described by 
which a 300-fold purification of the amine oxidase 
can be achieved. The purified preparations cat- 
alysed the oxidation of diamines and phenyl- 
alkylamines and also, though much less readily, 
that of t- and of p-lysine and of aliphatic mono- 
amines. 
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MATERIALS AND METHODS 


Amine oxidase. The amine oxidase preparations were 
obtained from pea seedlings grown as described by Kenten & 
Mann (1952). There were three main steps in the method. 
The first consisted in the removal of much inactive material 
by treatment of the seedling extracts with the reagent of 
Tsuchihashi (1923). This was followed by fractional precipi- 
tation with (NH,),SO,. In this stage much of the peroxidase 
present was separated from the amine oxidase and a pea 
seedling peroxidase fraction was obtained. Lastly, after 
dialysis, the amine oxidase was repeatedly precipitated at 
pH 5, a method used by Tabor (1951) in the preparation of 
animal diamine oxidase. 

Pea seedlings (7-12 days old) were washed free from soil 
and any obviously diseased material was removed. The 
weighed seedlings (1000 g.) were minced in a chilled domestic 
meat mincer and squeezed through strong cotton cloth. 
The residual pulp was mixed with 500 ml. 0-067 m phosphate 
buffer, pH 7, macerated for 2 min. in a Townson & Mercer 
(Croydon) macerator, and again squeezed through cloth. 
The combined extracts were cooled in an ice-salt freezing 
mixture to 0-5°, and a mixture of ethanol (200 ml.) and 
chloroform (100 ml.), previously cooled to — 10°, was added 
slowly during vigorous mechanical stirring. The stirring was 
continued for 30 min. and the mixture was then centrifuged. 
The almost clear yellow supernatant was poured off from the 
bulky white precipitate and from the bottom layer of 
chloroform and again cooled. It was then treated with 
(NH,),SO, (45 g./100 ml.). Under these conditions the 
amine oxidase was precipitated while the bulk of the per- 
oxidase remained in solution. On centrifuging, the pre- 
cipitate formed a hard cake on the surface of the liquid. 
A broad spatula was inserted under the precipitate to 
support it while the liquid was poured off. The liquid (A) was 
retained for the preparation of the peroxidase fraction. The 
precipitate was ground to a smooth paste in a mortar and 
500 ml. 0-02m phosphate buffer, pH 7, was slowly added to 
give a smooth suspension which was stirred mechanically 
for 2 hr. at room temperature and stored overnight at 0-2°. 
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It was then centrifuged and the bulky precipitate was 
washed on the centrifuge with a further small amount of 
0-02m phosphate buffer pH 7. The extracts were combined 
and cooled in ice. The small precipitate obtained by the 
addition of 18 g. (NH,),S0,/100 ml. extract was centrifuged 
off and discarded. To the cooled supernatant a further 18 g. 
(NH,),80,/100 ml. was added. The precipitate, which con- 
tained the amine oxidase, was collected by centrifuging and 
suspended in 20 ml. of 0-2m phosphate buffer, pH 7. The 
suspension was dialysed for several hours against running 
tap water and then overnight at 0-2° against 21. of 0-005m 
phosphate buffer, pH 7. The dialysed suspension was centri- 
fuged and the cooled supernatant brought to pH 5 by drop- 
wise addition of 0-05n acetic acid. The resultant suspension 
was stored at 0-2° for several hours until the precipitate 
flocculated. The precipitate was collected by centrifuging, 
triturated with 20 ml. of water and brought into solution by 
adjusting to pH 7 with 0-05n-KOH. The precipitation at 
pH 5 was repeated twice. The final solution at pH 7 was 
centrifuged clear and stored at — 10°. Preparations stored 
in this way showed little loss of activity over several months. 
Little or no loss of activity occurred during dialysis against 
distilled water or 0-005m phosphate buffer, pH 7 even when 
this was prolonged over several days. During prolonged 
dialysis against distilled water the enzyme tended to pre- 
cipitate but the precipitate redissolved on addition of 
phosphate buffer. 

A unit of amine oxidase is defined as the amount which at 
28° gives an O, uptake of 1 yl./hr. (calculated from initial 
rates) in presence of 0-01m 1:4-diaminobutane, catalase, 
and 0-067m phosphate buffer at pH 7, in a total volume of 
3 ml. The degree of purity of the enzyme is given by the 
specific activity which equals the number of oxidase units 
present per mg. N of the preparation. 

Peroxidase. Peroxidase preparations of 40-60% purity 
were obtained from horseradish by following the earlier 
stages of the metiod of Kenten & Mann (1954). In addition, 
peroxidase preparatious were made from pea seedlings using 
fraction (A) obtained during the preparation of amine oxi- 
dase. The purpurogallinzahl (P.z.) (Willstatter & Stoll, 1918) 
of the horseradish preparations, i.e. mg. purpurogallin 
formed by 1 mg. of enzyme preparation in 5 min. from 
pyrogallol and H,O, under fixed conditions was estimated 
by the method of Keilin & Hartree (1951) using an EEL 
(Evans Electroselenium Ltd.) colorimeter with Ilford 
Bright Spectrum Blue Filter 622. The preparations of horse- 
radish peroxidase used had P.z.=450-750. A peroxidase 
unit (P.G.) is defined as the amount forming 1 mg. purpuro- 
gallin under the conditions of the estimation. 

Pea-seedling peroxidase fraction. Experimental details of 
one preparation are given here. 700 g. of pea seedlings (7 
days old) were used for the amine oxidase preparation. The 
initial extract contained 58000 P.c. units. Fraction A was 
concentrated by distillation under reduced pressure to about 
75% of its original volume to remove the ethanol and 
chloroform. It was then saturated with (NH,).SO,. The 
precipitate was separated by centrifuging and suspended in 
25 ml. of 0-2m phosphate buffer, pH 7. The suspension was 
dialysed for several hoursagainstrunning tap water and then 
overnight in the refrigerator against 2 1. of 0-005 phosphate 
buffer, pH 7. The precipitate was removed by centrifuging. 
The clear supernatant liquid contained 26000 P.c. units. 

Catalase. Catalase was prepared from human erythro- 
cytes by the method of Bonnichsen (1947) and from ox liver 
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by the method of Sumner & Dounce (1937). The activity of 
the preparations was estimated as described previously 
(Kenten & Mann, 1952). The Katalasefahigkeit (Kat.f.) 
values found were 8000-19 000. Two of the preparations 
(Kat.f. 19000) were crystalline. Using the conversion 
factor of Chance & Herbert (1950) that Kat.f. =520 k,/M, 
where M is the molecular weight of catalase (230 000), 
k, =3-5 x 106 m- sec.-! to 8-3 x 10®m-! sec.-1. In experi- 
ments where catalase was used the amount was 50 yg. of 
the crystalline preparations (Kat.f. 19 000) or equivalent 
amounts of the preparations of lower activity/3 ml. reaction 
mixtures. 

Compounds. p-Lysine hydrochloride was obtained from 
Dr J. P. Greenstein. t-Diaminobutyric acid hydrochloride 
and pt-diaminopropionic acid hydrochloride were prepared 
by Dr S. Wilkinson. t-Hydroxylysine monohydrochloride 
was obtained from Dr J. G. Heathcote and pt-hydroxylysine 
monohydrochloride from L. Light and Co. Ltd. 

Buffers. Phosphate buffers (0-2m) were prepared from 
solutions of KH,PO, and KOH. Pyrophosphate buffers 
(0-2m) were prepared from solutions of Na,H,P,0, and 
K,P,0,. 

Manometric methods. Measurements of O, uptake were 
made in air, except where otherwise stated, in the Warburg 
apparatus at 28°. The volume of the reaction mixtures was 
3 ml., and 0-2 ml. 5n-KOH was present in the centre cups. 
With the pea-seedling extracts corrections for the endo- 
genous O, uptakes were necessary and where experiments 
were done at two different pH values control measurements 
had to be made at both pH values. In general, no 0, uptake 
was observed with the purified amine oxidase in absence of 
substrate and where an uptake was observed it was always 
too small to necessitate any correction. 


EXPERIMENTAL AND RESULTS 
General properties of the enzyme preparations 


Activity. Table 1 shows the degree of purification 
obtained for six preparations. In previous attempts 
to purify plant amine oxidase Werle & Pechmann 
(1949) effected a sixfold purification of the enzyme of 
red clover seedlings, and the preparations of the pea- 
seedling enzyme obtained by Kenten & Mann (1952) 
were of a similar degree of purity. Tabor (1951) 
achieved a 660-fold purification of animal diamine 
oxidase to obtain a preparation of specific activity 
(based on mg. protein) of 670. Assuming an N 
content of 16 % this gives a specific activity (based 
on mg. N) of 4200. The average specific activity of 
the preparations of Table 1 was 100000. The higher 
activity of the plant enzyme preparations was due, 
in part, to the fact that the pea-seedling extracts 
were much more active than the extracts of acetone- 
dried pig kidneys used for the preparation of the 
animal enzyme. The average specific activity of the 
pea-seedling extracts of Table 1 was 404, whereas 
that of the kidney extract was 6-4. 

Specificity. The catalytic activity of the amine 
oxidase preparations towards a number of different 
substrates was tested manometrically in 0-067M 
phosphate buffers at pH 7 and 8-5 using a substrate 
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concentration of 0-01mM. The tests were made at 
these two pH values so that the reactions might be 
studied in the region of their pH optima according 
to the results of Kenten & Mann (1952) and of those 
obtained in the present work. Of the diamines 
tested, 1:4-diaminobutane and 1:5-diaminopentane 
were oxidized more readily than 1:6-diamino- 
hexane and 1:10-diaminodecane; 1:3-diamino- 
propane was not oxidized. Histamine, agmatine, 
and spermine were all oxidized. Of the phenyl- 
alkylamines tested f-phenylethylamine was oxi- 
dized more rapidly than tyramine and tryptamine. 
The rate of oxidation of the aliphatic amines 
ethylamine and butylamine was slow in comparison 
with that of B-phenylethylamine as was also that of 
L-lysine and ethanolamine. The relative rates of 
oxidation of some of these substrates by a pea- 
seedling extract and the amine oxidase preparation 
obtained from it are shown in Table 2. The measure- 
ments of O, uptake were made over a 20 min. 
period since, as shown by Kenten & Mann (1952), 
there is a short lag period with some of the sub- 
strates. The amount of extract used in each vessel 
was 0-5 ml. except where 1:4-diaminobutane was the 
substrate when, owing to the rapidity with which 
this substrate was oxidized, the amount of extract 
used was reduced to 0-25 ml. The results show that 
while 49% of the activity of the original extract 
towards 1:4-diaminobutane was recovered in the 
amine oxidase preparation, only 17-36% of the 
original activity towards the other substrates 
tested was recovered. While the values for per- 
centage recovery of activity showed considerable 
variations with soveral uther preparations, this value 
was always much greater for 1:4-diaminobutane 
than for the other substrates. 

The effect of peroxidase. The pea-seedling extracts 
had a high peroxidase activity. The amine oxidase 
preparations contained only traces of peroxidase. 
When enough peroxidase was added to amine 
oxidase preparations to give a mixture equal to 
that in pea-seedling extracts the rate of O, uptake 
was increased, with histamine, B-phenylethylamine, 
tryptamine or L-lysine as substrate, to about double 
that where the oxidations were catalysed by amine 
oxidase alone. Both horseradish peroxidase and the 
pea-seedling peroxidase fraction produced this 
effect (Table 2). Such additions of peroxidase 
caused no increase in the rate of O, uptake during the 
20 min. period with ethylamine, ethanolamine, or 
1:4-diaminobutane as substrates. With 1:4-diamino- 
butane, however, a small increase in the final total 
O, uptake was produced and an increase in the rate 
could be clearly demonstrated by the use of more 
peroxidase. This effect of peroxidase has not yet 
been systematically investigated. Such results as 
have been obtained suggest that peroxidase 
catalyses the further oxidation of the products 
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formed by the action of the amine oxidase. Thus, 
with some substrates, after completion of the amine- 
oxidase-catalysed reaction the addition of peroxi- 
dase produced a further O, uptake. This occurred 
although the primary reactions had been completed 
in presence of catalase; the effect therefore was not 
dependent on the H,O, formed in the primary 
reaction. With some substrates heat-treated per- 
oxidase (15 min. in a boiling-water bath), haemin or 
traces of Mn?* also increased the O, uptake. Similar 
effects of peroxidase on the oxidation of histamine 
and 1:5-diaminopentane and of haemin on the 
oxidation of histamine in animal diamine-oxidase- 
catalysed reactions have been observed by Swedin 
(1944) and Laskowski (1942) respectively. Kenten 
& Mann (1952) showed that phenylacetaldehyde 
was formed by the action of plant amine oxidase on 
B-phenylethylamine. Kenten (1953) showed that 
peroxidase preparations catalysed the oxidation of 
phenylacetaldehyde and that the rate of this oxida- 
tion was increased by addition of Mn?*. In the 
present work it was found that, while either peroxi- 
dase or traces of Mn** increased the rate of oxidation 
and total O, uptake when added to reaction mixtures 
of plant amine oxidase and £-phenylethylamine, 
the effect produced by peroxidase and Mn?*+ added 
together was not greater than the sum of their 
separate effects. 

The results of Table 2 suggest that one enzyme 
of wide specificity catalyses the oxidation of the 
diamines, phenylalkylamines, and of L-lysine. 
Studies on the effect of inhibitors and on the pro- 
duction of H,O, during the oxidations show that the 
enzyme catalysing the oxidation of the aliphatic 
monoamines has similar properties to, and is 
probably identical with, that oxidizing the di- 
amines, phenylalkylamines and L-lysine. 

The effect of inhibitors. Purified preparations of 
the plant amine oxidase were inhibited by cyanide 
and by carbonyl reagents (Table 3). These experi- 
ments were carried out, in general, at pH 7-5 in 
absence of catalase. Since 8-phenylethylamine and in 
particular L-lysine and ethanolamine were attacked 
much less readily than 1:4-diaminobutane it was 
necessary to use comparatively large amounts of the 
enzyme preparation with these substrates. This may 
explain why, in general, the oxidation of these 
compounds appeared less sensitive to the inhibitors 
than that of 1:4-diaminobutane. Sodium azide 
(10-?m) produced little inhibition at pH 7-5. 
A greater, but still only partial, inhibition was 
produced at pH 6. With some enzyme preparations 
where ethanolamine or L-lysine were used as sub- 
strates an apparent activating effect of azide 
developed with time. It is suggested that this was 
due to partial inhibition by azide of the traces of 
catalase present in these enzyme preparations lead- 
ing to an increased accumulation of the hydrogen 
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Table 3. Effect of inhibitors 


Reaction mixtures consisted of amine oxidase, with and without inhibitor, in 0-067mM phosphate buffer pH 7-5. The 
substrate (0-3 ml. of 0-1m) was added from the side arm; no catalase was added. KOH was omitted from the centre cups 
where cyanide was used. The inhibition was calculated from the O, uptakes in the first 20 min. after adding the substrate. 


Conditions similar to those in Table 1. 


Percentage inhibition with 


ae 
Concentration _1:4-Diamino- B-Phenyl- 

Inhibitor (M) butane L-Lysine ethylamine Ethanolamine 
KCN 10-4 27 0 0 0 
10°? 90 0 25 0 
io 100 79 100 92 
Na azide 10-2 8 (17)* 0 + t 
Semicarbazide 0°* 31 23 13 17 
10-5 98 94 70 87 
Na diethyldithiocarbamate o-* 46 56 53 37 
1o-* 95 98 92 94 
K ethyl xanthate io-* 44 10 24 21 
10-3 94 37 58 63 
Salicylaldoxime o-* 53 a 7 ~- 
10-* 94 — 73 — 

* At pH 6. 


peroxide formed in the primary reaction. A fact 
which does not appear to have been reported 
previously is that the enzyme is inhibited by sodium 
diethyldithiocarbamate, potassium ethyl xanthate 
and salicylaldoxime, which are usually considered 
as specific inhibitors of copper-containing enzymes. 
The oxidation of all four substrates was inhibited 
by these compounds, though with salicylaldoxime 
the inhibition with t-lysine or ethanolamine as 
substrates varied to such an extent, according to 
the enzyme preparation used, that the results are 
not recorded in Table 3. Further investigations 
showed that the erratic results were due to the 
oxidation of the salicylaldoxime by H,O, formed in 
the primary reaction. This oxidation is catalysed 
by traces of peroxidase in the enzyme preparations. 
Results demonstrating this oxidation are included 
in the section on H,O, formation. Thiourea (10-?m) 
and phenylthiourea (0-8 x 10-?m) which are also 
frequently used as inhibitors of copper-containing 
enzymes caused little or no inhibition of any of the 
oxidations. In some cases an apparent activating 
effect developed with time when these compounds 
were used. This apparent activation, like that with 
salicylaldoxime, depends on the H,O, formed in the 
primary reaction and is dealt with in the next 
section. 

Hydrogen peroxide formation. Kenten & Mann 
(1952) proved that H,O, was formed during the 
oxidation of 1:4-diaminobutane and -phenyl- 
ethylamine catalysed by plant amine oxidase by 
showing that in absence of catalase the total O, 
uptake reached 1 mol. O,/mol. amine instead of 
0-5 mol. O,/mol. amine in presence of catalase. The 
increased O, uptake in absence of catalase was due 


to the accumulation of H,O, since on adding 
catalase at the end of the reaction a rapid evolution 
of O, took place, leading to a final O, uptake of 
0-5 mol. O,/mol. amine. A similar method was used 
by Tabor (1951) to demonstrate H,O, formation in 
oxidations catalysed by animal diamine oxidase. 
In the experiments with animal diamine oxidase 
the enzyme was inactivated during the reaction in 
absence of catalase. Werle & Pechmann (1949), 
while studying the oxidation of diamines by clover- 
seedling extracts, found that the catalytic activity 
of the extracts decreased during the oxidation, 
particularly when a high concentration of substrate 
was used. It was concluded that the amine oxidase 
was inactivated by H,O, formed during the oxida- 
tions. With the purified amine oxidase preparations 
used in the present work it was found that with 
1:4-diaminobutane, 1:5-diaminopentane, ethanol- 
amine, or L-lysine as substrates the initial rate of 
oxidation in absence of catalase was about double 
that in its presence. The rate of oxidation decreased 
much more rapidly in absence of catalase and the 
final O, uptake was often greater with catalase 
present, particularly where a high concentration of 
substrate was used. The results of one such experi- 
ment with 1:5-diaminopentane as substrate are 
given in Fig. 1. In presence of catalase the oxidation 
proceeded to completion with an uptake of 0-5 mol. 
O,/mol. amine. In the absence of added catalase the 
uptake almost stopped when its total was only about 
70 % of that in presence of catalase. This was due to 
inactivation of the enzyme since, after decomposi- 
tion of the accumulated, H,O, with catalase, a fresh 
addition of 1:5-diaminopentane produced little 
further O, uptake. A fresh addition of 1:5-diamino- 
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pentane to the reaction mixture in which catalase 
was initially present caused a renewed O, uptake 
though the rate of this was slow in comparison with 
the initial rate. These results are in agreement with 
the conclusions of Werle & Pechmann (1949) that 
the enzyme is inactivated by H,O,. This was tested 
in experiments in which the enzyme was incubated 
with H,O, before addition of the substrate. The 
results of one such experiment are illustrated in 
Fig. 2. In this experiment samples of the enzyme 
in phosphate buffer at pH 7 were incubated for 
30 min. at 28° in presence and absence of 0-1 ml. of 
0-1mM-H,O,. Catalase was then added from the side 
arms of both vessels. When all the H,O, (where 
present) was decomposed, 0-1 ml. of 0-lm 1:4- 
diaminobutane was added from the second side 
arm of each vessel. The subsequent rates of O, 
uptake were about the same with both reaction 
mixtures showing that H,O, does not inactivate the 
enzyme under these conditions. As a result of 
further investigations it was found that the enzyme 
in presence of its substrates, is inactivated by H,O, 
as shown by the results illustrated in Fig. 3. In this 
experiment four samples of enzyme were incubated 
in phosphate buffer at pH 7 in Warburg vessels 
filled with N, and with yellow phosphorus in the 
centre cups. Two of the vessels contained in addition 
0-1 ml. of 0-1mM-H,O,. After equilibration 0-1 ml. of 
0-01m 1:4-diaminobutane was added from the side 
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Fig. 1. Inactivation of amine oxidase during oxidation of 
1:5-diaminopentane in absence of catalase. Amine 
oxidase in 0-067m phosphate buffer at pH 7 with 0-3 ml. 
of 0-1m 1:5-diaminopentane. /\—/\, catalase present 
initially; ©—©, catalase added at time shown by first 
arrow. A further 0-3 ml. of 0-1 m 1:5-diaminopentane was 
added to both reaction mixtures at the times shown by the 
second arrows. The total volume of each reaction mixture, 
before the second addition of substrate, was 3 ml. The 
substrate was added from the side arms. Gas phase, air; 
temp. 28°. 
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Fig. 2. Stability of amine oxidase in presence of hydrogen 
peroxide. Amine oxidase in 0-067m phosphate buffer at 
pH7. ©—©@, in absence of hydrogen peroxide; AA—A, 
in presence of 0-1 ml. of 0-1 m hydrogen peroxide. Catalase 
was added to both reaction mixtures at the time shown by 
the first arrows. Substrate (0-1 ml. of 0-1m 1:4-diamino- 
butane) was added at the time shown by the second 
arrows. Conditions similar to those in Fig. 1. 
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Fig. 3. Inactivation of amine oxidase in presence of hydro- 
gen peroxide and substrate. Amine oxidase in 0-067M 
phosphate buffer pH 7 was first incubated for 30 min. in 
N,. ©—©, with no further addition; x—x, with 
0-1 ml. of 0-01 m 1:4-diaminobutane; -]—[], with 0- 1ml. 
of 0-1m hydrogen peroxide; A—A, with 0-1 ml. of 
0-01m 1:4-diaminobutane and 0-1 ml. of 0-1m hydrogen 
peroxide. After incubation for 30min. catalase was 
added to each vessel, the N, was replaced by air and 
0-1 ml. of 0-1m 1:4-diaminobutane was added from the 
side arms. The curves show the subsequent O, uptakes 
under conditions similar to those in Fig. 1. 
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arms of one of each of the two pairs of vessels. After 
30 min. incubation catalase was added to all the 
reaction mixtures from the second side arms. When 
the H,O, (where present) had all been decomposed 
the yellow phosphorus was removed from the 
centre cups and the vessels were filled with air. After 
equilibration, 0-1 ml. of 0-1m 1:4-diaminobutane 
was added to each reaction mixture. The subsequent 
O, uptakes showed that the enzyme had been almost 
completely inactivated by the previous incubation 
with 1:4-diaminobutane and H,O, together. Pre- 
vious incubation with 1:4-diaminobutane alone or 
H,O, alone had comparatively little inactivating 
effect. In further experiments of this type a partial 
inactivation of the enzyme was produced with con- 
centrations of H,O, as low as 3:3x10-M. It is 
suggested that H,O, attacks the reduced form of the 
enzyme produced by interaction with the substrate. 

On the basis of these results on the formation of 
H,0, and its inhibiting effect it is possible to explain 
the activating effect of thiourea and the erratic 
results with salicylaldoxime described in the 
section on inhibitors. An example of the apparent 
activating effect of thiourea is illustrated in Fig. 4. 
In this experiment 0-3 ml. of 0-1m 1:4-diamino- 
butane was used as substrate in absence of catalase. 
The theoretical O, uptake was 672 yl. In absence of 
thiourea the O, uptake stopped at 95 yl. owing to 
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Fig. 4. The effect of thiourea in preventing inactivation of 
amine oxidase by hydrogen peroxide. Amine oxidase in 
0-067 phosphate buffer, pH 7, with 0-3 ml. of 0-1m 1:4- 
diaminobutane. ©—©, 0-3 ml. of 0-1m thiourea; A\—/\, 
no thiourea. Catalase was added at the times shown by 
the arrows. Conditions similar to those in Fig. 1. 
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inactivation of the enzyme by the accumulated 
H,O,. In presence of thiourea, at this point, the O, 
uptake which had not completely stopped had 
reached 158 yl. The apparent activation by thiourea 
is, therefore, due to partial protection of the enzyme 
from inactivation. When catalase was added from 
the side arms the presence of H,O, was demon- 
strated in the reaction mixture without thiourea 
but not in that with thiourea present. Thiourea does 
not prevent the decomposition of H,O, by catalase 
under these conditions. Similar results have been 
obtained with phenylthiourea. It is known that 
thiourea is oxidized by H,O, in neutral solution to 
thiourea dioxide (Barnett, 1910; Boéseken, 1936a, 
b). Thiourea therefore protects the enzyme by 
removing H,Q,. 

The erratic results obtained with salicylaldoxime 
as inhibitor were also due to the oxidation of sali- 
cylaldoxime by H,0, formed in the primary reaction 
but in this case the oxidation, unlike that of 
thiourea, was catalysed by traces of peroxidase. 
This is shown by the results illustrated in Fig. 5. 
Four reaction mixtures were used containing amine 
oxidase, or amine oxidase together with peroxidase, 
and catalase in 0-067M phosphate buffer at pH 7 in 
presence and absence of 0-01 salicylaldoxime. The 
substrate (0-1 ml. of 0-1m 1:4-diaminobutane) was 
added from the side arms. A comparatively large 
amount of amine oxidase was used. Under these 
conditions the inhibition produced by the sali- 
cylaldoxime was only partial and the 1:4-diamino- 
butane was almost all oxidized in the experimental 
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Fig. 5. Oxidation of salicylaldoxime by the amine oxidase 
system coupled with horseradish peroxidase. Amine 
oxidase and catalase in 0-067M phosphate buffer, pH 7, 
with 0-1 ml. of 0-1m 1:4-diaminobutane. @—©, no 
further addition; A—/\, peroxidase (76 P.G. units) 
present ; [-]—[-], 0-6 ml. of 0-05 salicylaldoxime; x — x, 
peroxidase and salicylaldoxime present. Conditions 
similar to those in Fig. 1. 
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time though much more slowly than in absence of 
inhibitor. Where peroxidase was present in addition 
to inhibitor the final O, uptake was much greater 
than that required for the amine-oxidase-catalysed 
oxidation of the 1:4-diaminobutane and the reaction 
mixture was strongly yellow at the end of the 
experiment. Heat-treated peroxidase (30 min. at 
100°) produced a much smaller effect. 

Effect of oxygen tension. Werle & Pechmann (1949) 
found that the oxidation of 1:5-diaminopentane, 
catalysed by clover-seedling extract, was much 
more rapid in O, than in air. In the present work 
with purified preparations of amine oxidase when 
the amount of enzyme used was such as to give 
rates of O, uptake of up to 300 pl./hr. the rates were 
the same in air as in O,. With larger amounts of 
enzyme giving rates of O, uptake in air, of about 
1000 pl./hr. the uptake was much faster in O, than in 
air. But this is to be expected since at such rates 
the diffusion of O, into the reaction mixtures 
becomes the limiting factor (Umbreit, 1945). It is 
suggested that this factor and not a low affinity of 
this enzyme for O, may have been responsible for 
the results of Werle & Pechmann (1949). 


Manometric studies of the oxidation of 
L-, D- and DL-lysine 


Effect of pH. The variation of activity with pH 
was tested in 0-067m phosphate buffers in presence 
of catalase with 0-0im L-lysine as substrate. At 
reactions outside the buffering range of phosphate 
the initial pH was measured using separate reaction 
mixtures and the finai pII with the experimental 
reaction mixtures. The greatest differences observed 
were less than 0-2 pH unit. The average of these 
initial and final pH values were used in plotting the 
pH curve (Fig. 6) which was based on the O, uptake 
over the first 20 min. The curve shows an optimum 
between pH 8-3 and 8:8 falling off steeply on both 
sides. 

Effect of substrate concentration. The effect of 
substrate concentration on the rate of oxidation was 
tested with L-, D- and DL-lysine in 0-067 M phosphate 
buffer, pH 8-0, in presence of catalase (Fig. 7). 
D-lysine was only tested at low concentrations since 
the amount of this amino acid available was small. 
The rate of its oxidation was about 85% that of 
L-lysine. Di-Lysine was oxidized at a rate inter- 
mediate between that of L- and D-lysine. The 
highest concentrations of L- and pL-lysine used 
(0-066M) were insufficient to saturate the enzyme. 
The affinity of the enzyme for these amino acids is, 
therefore, much lower than its affinity for 1:4- 
diaminobutane or B-phenylethylamine (Kenten & 
Mann, 1952). 

Total oxygen uptake. The oxidation of 1:4- 
diaminobutane by the purified amine oxidase pre- 
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parations in presence of catalase in phosphate 
buffer at pH 7 proceeded with the uptake of 
0-5 mol. O,/mol. 1:4-diaminobutane. With L- or p- 
lysine as substrates, however, in 0-067m phosphate 
buffer at pH 8-5 the O, uptake continued slowly 
after a value of 0-5 mol. O,/mol. substrate had been 
reached and, if sufficient enzyme preparation was 
used, reached double this value. Evidence has been 
obtained that this is due to the further oxidation of 
the primary oxidation products, formed by the 
action of amine oxidase, probably catalysed by 
traces of metals and of peroxidase in the enzyme 
preparation. When pyrophosphate was used in 
place of phosphate buffer this secondary oxidation 
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Fig. 6. Effect of pH on the rate of oxidation of L-lysine. 
Amine oxidase, catalase, and 0-01M L-lysine in 0-067M 
phosphate buffers. Conditions similar to those in Fig. 1. 
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Fig. 7. Effect of concentration of L-, D- and pt-lysine on the 
rates of oxidation. Amine oxidase and catalase in 
0-067 m phosphate buffer, pH 8. ©@—©, t-lysine; A—A,, 
pt-lysine; [-|—[], D-lysine. Conditions similar to those 
in Fig. 1. 
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was partially inhibited and the rate of O, uptake 
became very slow once a value of 0-5 mol. O,/mol. 
L-lysine had been reached. This is shown by the 
results illustrated in Fig. 8. In these experiments 
the oxidation of 0-3 ml. of 6-1m L- or D-lysine was 
followed in 0-067m phosphate and pyrophosphate 
buffers at pH 8-5 in presence of catalase. At the 
points marked by arrows peroxidase was added to 
the reaction mixtures from the side arms. An 
immediate rapid O, uptake took place which was 
much greater with the reaction mixtures in pyro- 
phosphate than with those in phosphate, and caused 
in all cases a final O, uptake approaching 1 mol. 
O,/mol. L- or D-lysine. It is suggested that pyro- 
phosphate partially protects the primary oxidation 
products from further oxidation by impurities in the 
enzyme preparation. 

Amino acids tested. pDu-Diaminopropionic acid, 
L-diaminopropionic acid, L-ornithine, DL- and L- 
hydroxylysine, DL-«-aminocaproic acid (norleucine) 
and e-aminocaproic acid were tested as substrates 
for plant amine oxidase at concentrations of 0-01M 
in 0-067 phosphate buffers at pH 5-0, 6-0, 7-0, and 
8-5 in presence of catalase. t-Hydroxylysine was 
only tested at pH 8-5 at a concentration of 0-001M 
owing to the small amount of this amino acid 
available. With amounts of amine oxidase giving an 
O, uptake with t-lysine (0-01m) of 100-200 yl. 
O,/hr. no uptake was observed with any of these 
acids except L-ornithine. One sample of L-ornithine 
gave a slow rate of O, uptake under these conditions 
which was increased by increasing the concentration 
of L-ornithine. This observation could not be con- 
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Fig. 8. Total oxygen uptake with L- and p-lysine (0-3 ml. of 
0-1m) in 0-067m phosphate and pyrophosphate buffers, 
pH 8-5, in presence of catalase. The effect of horseradish 
peroxidase. ©—®©, L-lysine in phosphate; A—A, 
D-lysine in phosphate; @—@®, L-lysine in pyrophosphate; 
A—A.: D-lysine in pyrophosphate. Peroxidase (76 P.c. 
units) was added at the times shown by the arrows. 
Conditions similar to those in Fig. 1. 
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firmed subsequently with different samples of L- 
ornithine and was therefore attributed to the 
presence of impurity. 


DISCUSSION 


The highly purified preparations described retain 
the property of catalysing the oxidation not only of 
aliphatic diamines but also that of phenylalkyl- 
amines, aliphatic monoamines, and of L- and D- 
lysine. The relative rates at which these substrates 
are attacked differ according to whether the purified 
enzyme preparations or the seedling extracts are 
used as catalysts. It has been shown that this is due, 
at least in part, to the fact that the oxidations with 
the pea-seedling extract are not confined to the 
primary reactions catalysed by the amine oxidase. 
During the purification of the enzyme the factors 
eatalysing the secondary oxidations are largely 
removed. The oxidations studied are all accom- 
panied by hydrogen peroxide formation and are 
similarly affected by the inhibitors tested. The 
evidence so far obtained suggests, therefore, that 
only one enzyme is involved which is less specific 
than animal diamine oxidase. While the aliphatic 
diamines are the substrates most readily attacked, 
it seems best to retain for the enzyme the name plant 
amine oxidase suggested by Kenten & Mann (1952). 
The fact that both p- and t-lysine are attacked 
suggests that the oxidation of these substrates takes 
place at the c-amino group. The enzyme does not 
catalyse the oxidation of «- or e-aminocaproic acids. 
It is probable, therefore, that both amino groups of 
lysine are necessary for the formation of an active 
enzyme-substrate compound. Of the diamino 
acids tested, only lysine was oxidized. As with the 
diamines the length of the hydrocarbon chain may 
be the deciding factor. 

The affinity of the enzyme for the diamines is 
much greater than that for the phenylalkylamines 
(Kenten & Mann, 1952) and this again is much 
greater than that for L-lysine. The rate of oxidation 
of L-lysine is very slow in comparison with that of 
the diamines and phenylalkylamines. Neverthe- 
less, the property of the amine oxidase of catalysing 
the oxidation of L-lysine may be of importance in 
plant metabolism. Thus Mann & Smithies (un- 
published) have obtained evidence that the reaction 
product cyclizes to form a compound which on 
catalytic hydrogenation gives pipecolinic acid. 

The fact that hydrogen peroxide formation 
accompanies oxidation with both the plant amine 
oxidase and the animal diamine oxidase has led to 
the suggestion that both enzymes are flavoproteins. 
Some evidence has been advanced that a flavin is 
the prosthetic group of the animal enzyme (Zeller, 
Stern & Wenk, 1940; Swedin, 1944; Kapeller- 
Adler, 1949) but no conclusive proof of this has yet 
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been obtained. The activity of the plant enzyme is 
not dependent on an easily dissociable prosthetic 
group. Thus little or no loss of activity was found 
on prolonged dialysis. Werle & Pechmann (1949), 
using extracts of clover seedlings to catalyse the 
oxidation of 1:5-diaminopentane, found a partial 
loss of activity on prolonged dialysis. The lost 
activity could be restored either by the addition of 
the concentrated outer liquid from the dialysis or by 
boiled clover-seedling extracts. The results were 
interpreted as evidence for the existence of a co- 
enzyme. In the results reported the activity was 
never more than doubled by the addition of the 
dialysates or boiled extracts. The total O, uptake 
with the extracts was 1 mol. O,/mol. 1:5-diamino- 
pentane whereas with the purified amine oxidase 
used in the present work the uptake was 0-5 mol. 
O,/mol. 1:5-diaminopentane. It is suggested, there- 
fore, that the loss of activity on dialysis was due to 
the removal either of a factor catalysing the further 
oxidation of the primary reaction product or of 
compounds capable of oxidation by the hydrogen 
peroxide formed in the primary reaction. It is 
well known that hydrogen peroxide formed in 
enzyme reactions may be used for secondary 
or coupled oxidations catalysed by peroxidase or 
catalase. 

In the absence of catalase the enzyme is rapidly 
inactivated during the oxidations which it catalyses. 
Inactivation is also produced by adding hydrogen 
peroxide but only when a substrate of the enzyme is 
also present. It is suggested that a reduced form of 
the enzyme is attacked by hydrogen peroxide. The 
inactivation is prevented by thiourea and phenyl- 
thiourea in so far as these inhibitors, rather than the 
enzyme, are oxidized by the hydrogen peroxide 
formed. In this connexion it is of interest that 
Bernheim & Bernheim (1942) found that the in- 
hibition of tyrosinase produced by phenylthiourea 
and thiourea disappeared during the course of the 
enzyme-catalysed oxidations. The possibility that 
these compounds were destroyed by the enzyme was 
considered but it was shown that the inhibition 
period was not shortened when the inhibitors were 
incubated with the enzyme before adding the sub- 
strate. These results do not exclude the possibility 
that the inhibitors are oxidized when both enzyme 
and substrate are present. Reaction inactivation is 
a characteristic of the copper-containing oxidases. 
Such an inactivation of ascorbic acid oxidase, 
which is prevented by catalase and peroxidase, is 
not attributed to hydrogen peroxide itself but to 
a ‘hydrogen peroxide precursor’ formed as an inter- 
mediate in the ascorbic acid oxidase reaction 
(Powers & Dawson, 1943). It is suggested that a 
compound resembling hydrogen peroxide in that it 
can oxidize phenylthiourea and thiourea may be 
formed in tyrosinase-catalysed reactions. 
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The inhibition of animal diamine oxidase by 
cyanide was attributed by Zeller (1940) to its action 
as a carbonyl reagent. The slight inhibitions re- 
ported with heavy metal reagents such as pyro- 
phosphate, sodium azide, thiourea and hydrogen 
sulphide have been attributed to their action on the 
further oxidation of the primary reaction products. 
The inhibition of plant amine oxidase by sodium 
diethyldithiocarbamate, salicylaldoxime, and po- 
tassium ethyl xanthate reported in the present work 
cannot be due to effects on secondary oxidation. 
Thus the oxidation of 1:4-diaminobutane catalysed 
by the enzyme preparation, in presence of catalase 
requires only 0-5 mol./mol. 1:4-diaminobutane and 
is, therefore, presumably confined entirely to the 
amine oxidase-catalysed reaction. Yet the inhibition 
produced approaches 100%. The results suggest 
that the plant enzyme may be a metalloprotein. In 
preliminary experiments, the three plant amine 
oxidase preparations so far examined for heavy 
metals have been found to contain both copper and 
manganese in amounts of 0-03—0-06 % based on the 
protein content. No proof has yet been obtained 
that the presence of either of these metals is essential 
for the activity of the enzyme. 


SUMMARY 


1. A method is described by which the amine 
oxidase of pea-seedling extracts can be purified up 
to 300-fold. 

2. The purified enzyme preparations catalysed 
the oxidation not only of diamines but also, though 
less readily, that of phenylalkylamines, aliphatic 
monoamines and of L- and D-lysine. 

3. L- and pui-Hydroxylysine, DL-diaminopro- 
pionic acid, L-diaminobutyric acid, L-ornithine and 
L-histidine were not oxidized. 

4. Hydrogen peroxide was formed during the 
oxidation of all the substrates. The inactivation of 
the enzyme by hydrogen peroxide has been con- 
firmed and the conditions of this inactivation have 
been investigated. 

5. The enzyme was inhibited not only by cyanide 
and semicarbazide, as previously reported, but also 
by diethyldithiocarbamate, salicylaldoxime and 
potassium ethyl xanthate. 

6. Salicylaldoxime and thiourea were oxidized 
by the hydrogen peroxide formed in the primary 
reaction. This oxidation of salicylaldoxime was 
catalysed by peroxidase. 

7. It is suggested that one enzyme—plant amine 
oxidase—catalyses the oxidation of diamines, 
phenylalkylamines, aliphatic amines and of L- and 
D-lysine and that this enzyme may be a metallo- 
protein. 

Gifts of p-lysine hydrochloride, by Dr J. P. Greenstein, 
L-diaminobutyric acid, hydrochloride and pDL-diamino- 
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propionic acid hydrochloride, by Dr 8. Wilkinson and 
Dr T. 8. G. Jones, and of t-hydroxylysine hydrochloride, by 
Dr J. G. Heathcote, are gratefully acknowledged. 
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The Sedimentation Behaviour of Mixtures of Hyaluronic Acid 
and Albumin in the Ultracentrifuge 
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The work described here arose from an investiga- 
tion of the synovial fluid of human knee joints: its 
other aspects are described by Johnston (1955a, b). 
In several samples from normal and nearly normal 
joints, it was observed that the lines representing 
the variation of the rate of sedimentation of the 
hyaluronic acid with concentration differed con- 
siderably from one sample to another. Since these 
differences appeared to be correlated with the con- 
centration of protein in the sample, the mutual 
effects of hyaluronic acid and albumin on the 
sedimentation of the other were investigated 
further. 

Johnston & Ogston (1946) showed that at a given 
concentration one protein sediments at a different 
rate (usually more slowly) in the presence of a 
second protein than it does alone. If this protein is 
the more slowly sedimenting of the two, its concen- 
tration is increased behind the sedimenting bound- 
ary of the faster component; the faster component 
undergoes an apparent (but unreal) fall of concen- 
tration. This increase in concentration of the slower 
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component would be expected to cause a reduction 
of its rate of sedimentation. In the systems studied 
by Johnston & Ogston (1946) the last effect was 
unimportant, since the sedimentation rates of the 
proteins studied did not vary rapidly with concen- 
tration. In the present case, however, the sedimen- 
tation rate of hyaluronic acid varies rapidly with its 
concentration (Ogston & Stanier, 1950, 1952) and 
it is shown that the effect of albumin on the sedi- 
metantion rate of hyaluronic acid can be explained 
by the operation of this effect, which increases the 
concentration of the hyaluronic acid when it is the 
slower component. 

The rate at which hyaluronic acid sediments in the 
region of the cell in which albumin is present, and the 
converse case, have also been investigated, and an 
attempt has been made to explain the results 
obtained. 


METHODS 


Materials. Both ox and human synovial fluids were used. 
Knee-joint fluid from freshly slaughtered cattle was collected 
and stored as described by Ogston & Stanier (1950). Human 
synovial fluid obtained at operation at the Wingfield- 
Morris Orthopaedic Hospital, Oxford, was supplied by 
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Mr R. G. Taylor and stored as above but with full sterile 
precautions. A single human specimen was obtained at 
post-mortem (12 hr. after death). 

Albumin was freeze-dried bovine plasma albumin 
(Armour Laboratories, Batch 10493) stored at 2°. 

Preparation and estimation of hyaluronic acid. All fluids 
were dialysed against a standard buffer (0-2m-NaCl; 
0-0077M-Na,HPO,; 0-0023mM-KH,PO,; pH 7-3). Concen- 
tration was estimated by mucin clot formation in un- 
dialysed solutions, or after dialysis where a firm clot could 
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still be obtained. In the former cases possible volume 
changes on dialysis were allowed for by quantitative trans- 
ference with washing from the sac after dialysis. Clot pre- 
paration, washing and drying were carried out as described 
by Ogston & Stanier (1952). 

Sedimentation. A Svedberg oil-turbine ultracentrifuge 
with a Philpot (1938) diagonal schlieren optical system was 
used. Running procedure, sedimentation constant calcu- 
lation and concentration estimations from boundary areas 
were carried out as described by Cecil & Ogston (1948). In 
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Fig. 1. Variation in the reciprocal of the sedimentation constant of hyaluronic acid in different samples of synovial 
fluid with the logarithm of Ostwald viscosity. Different symbols indicate dilutions of the same synovial fluid. 
A, as measured; B, after correction for the presence of albumin. 


Table 1. Sedimentation constants, concentrations and viscosities of hyaluronic acid and albumin 
from human synovial fluids 


Albumin concentrations were estimated by measurement from the ultracentrifuge diagram. Samples A and B came 
from normal joints; samples C—F were obtained at operation on cartilages in knee joints (there was no recent history of 
acute trauma, the joints showed minimal macroscopic abnormality and the fluid present varied from 0-3 to 4 ml.); sample 
G was obtained in the same way but consisted of four pooled samples; sample H came from a case of acute trauma with 


a large effusion. : . 
Concentration 





Sedimentation constants 


aa a eas 
(Svedberg units) Hyaluronic acid 
— 





Se , (mg. mucin/ Albumin Logi 

Sample Hyaluronic acid Albumin 100 ml.) (g./100 ml.) Nrel. 
A 2-92 3-96 80 0-384 0-76 
4-22 4-26 40 0-192 0-46 

5:38 4-30 20 0-096 0-26 

6-41 4-56 15 0-072 0-18 

B 3-06 3-91 _- 0-43 0-69 
Cc 1-66 3-07 725 2-52 1-24 
2-30 3-64 440 1-54 0-78 

2-84 3°75 265 0-922 0-51 

3-33 4-00 220 0-764 0-41 

4-24 4-25 120 0-383 0-22 

D 1-52 3-49 680 1-78 1-68 
2-30 3-98 300 0-780 0-82 

3-67 4-11 117 0-306 0-35 

4-65 4-34 74 0-194 0-24 

E 2-74 4-01 320 0-632 0-51 
F 1-83 3-70 790 1-29 1-25 
7 1-84 3-18 680 2:27 0-92 
H 1-42 2-89 250 4-51 0-95 
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graphing results either the sedimentation constant or its 
reciprocal was used, depending on which gave a plot nearest 
to a straight line. 

Viscosity. Viscosity was measured with an Ostwald 
viscosimeter (capacity 0-7 ml.; water-flow time 27 sec.). 

All dilutions were made by weight. 


RESULTS 

Human synovial fluids. Eight fluids were in- 
vestigated over a range of dilutions. The rates of 
sedimentation of the hyaluronic acid are shown in 
Fig. 1A, plotted against logy) y,.. Table 1 also 
gives the rates of sedimentation of the albumin and 
the concentrations of hyaluronic acid (by mucin 
estimation) and of albumin+globulin. In no case 
was the albumin/globulin ratio, estimated by 
measurement of the sedimentation diagram, less 
than 7; accordingly albumin+globulin has been 
treated as a single component. 

Effect of added albumin. In aseries of experiments 
the albumin concentration was varied by the 
addition of Armour bovine albumin: the concentra- 
tions were adjusted so that three concentrations of 
hyaluronic acid were used over a range of concentra- 
tions of total albumin. The results are shown in 
Fig. 2 and Table 2. 

Serial dilutions. At the concentrations normally 
found in synovial fluid, hyaluronic acid sediments 
more slowly than does albumin. However, since its 
rate of sedimentation increases much more rapidly 
with dilution than does that of albumin, at extreme 
dilutions the hyaluronic acid sediments more 
rapidly. Although observation of the hyaluronic 
acid boundary becomes difficult, it is possible to 
obtain fairly accurate values for its sedimentation 
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constant over a part of this range of concentration. 
In Fig. 3 the sedimentation rates of hyaluronic acid 
are shown for two such series of dilutions. Each 
shows a marked break between the regions where 
the hyaluronic acid sediments more slowly and more 
rapidly thin the albumin. 
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Fig. 2. Variation in the sedimentation rate of hyaluronic 
acid with concentration of albumin. [], human synovial 
fluid J; O, ox synovial fluid J. The curves represent 
different concentrations of hyaluronic acid. The concen- 
trations, expressed as mg. mucin/100 ml., were 400 
(curve A), 300 (curve B) and 100 (curve C). 


Table 2. Sedimentation constants, concentrations and viscosities of hyaluronic acid and albumin 
from normal human and ox synovial fluids with and without added albumin 


Sedimentation constants and concentrations expressed as in Table 1. Sample J was ox fluid; sample J was a human 


post-mortem sample. 
Sedimentation constants 








- F. = ‘ 
Hyaluronic acid Albumin 


Sample 
I 2-30 3-88 
2-03 3-42 
1-90 3-44 
J 1-96 3-78 
1-67 3-63 
1-40 2°87 
2-50 4-16 
3-12 4-28 
3-98 4-15 
4-41 4-40 
3°34 3-98 
1-69 3-17 
1-23 1-57 
4-76 4-30 
5-07 4-54 
6-10 4-70 


7-40 4-61 


Concentration 

SSE Logio 
Hyaluronic acid Albumin ‘Tel. 
300 1-50 0-99 
300 2-68 0-99 

300 3°84 1-00 
400 0-90 1-65 
400 2-50 1-65 
400 5:30 1-65 

290 0-66 1-23 

190 0-44 0-90 

133 0-30 0-64 

100 0-23 0-51 

100 1-80 — 

100 4-80 — 

100 14-5 —— 

80 0-18 0-43 

65 O15 . 0-35 

50 0-11 0-29 

40 0-09 0-25 
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The apparent concentrations of the albumin were 
also measured in these experiments: in Fig. 4 these 
are plotted in the form of the apparent concen- 
tration x 100/expected concentration, against the 
difference between the sedimentation rates of the 
albumin and hyaluronic acid. Again the results 
(from three series of dilutions) show a discontinuity 
between the cases where hyaluronic acid is the 
slower or faster component. 
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Fig. 3. Variation of 1/S of hyaluronic acid with log 7,.), 
showing a discontinuity where the hyaluronic acid 
changes from slower to faster component. O, sample A; 
@, sample J; —, hyaluronic acid forming the trailing 


boundary; - ---, hyaluronic acid and albumin boundaries 
superimposed ; — — —, hyaluronic acid forming the leading 
boundary. 
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Fig. 4. The increase in concentration of the albumin 
boundary in hyaluronic acid—albumin mixtures when, on 
dilution, albumin becomes the more slowly sedimenting 
component. Albumin concentration expressed as a 
percentage of the value predicted from its concentration 
in the undiluted synovial fluid. 
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Sharpness of the hyaluronic acid boundary. The 
boundary of hyaluronic acid is normally too narrow 
to allow its concentration to be measured in the 
usual way, from the area of the schlieren peak. 
However, there are two ways in which qualitative 
indications of concentrations can be obtained: 
(i) at the same optical setting and time after reaching 
full speed, the width of the boundary peak increases 
with concentration. In a pair of runs, with the same 
concentration of hyaluronic acid (mucin = 400 mg./ 
100 ml.) and with albumin concentrations 0-9 and 
5:3 g./100 ml. respectively, the width of the 
hyaluronic acid peak was several times greater at 
the higher concentration of albumin, suggesting 
that the hyaluronic acid boundary had undergone 
concentration; (ii) at low concentrations the 
hyaluronic acid peak becomes noticeably diffuse 
after sedimentation has continued for some time 
(ef. Ogston & Stanier, 1950); this occurs at earlier 
times as the hyaluronic acid becomes more dilute. 
Addition of albumin was found to lengthen the time 
before diffuseness became apparent. 


DISCUSSION 


Correction for the effect of albumin on the sedimenta- 
tion rate of hyaluronic acid. The results given in 
Fig. 2 and Table 2 show that, within the range 
studied, 1/S of hyaluronic acid is increased by an 
amount proportional to the concentration of 
albumin and independent of that of hyaluronic 
acid. This provides an empirical basis for correcting 
for the effect of albumin. Confidence in this is 
increased by the fact that the 1/S intercepts 
(albumin =0) of the curves for the different hyal- 
uronic acid concentrations in Fig. 2 agree closely 
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Fig. 5. Variation in the sedimentation rate of hyaluronic 
acid with concentration. x, Direct measurement on 
residue after ultrafiltration; O, values obtained by 
calculation from synovial fluid measurement. 
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with the values determined on a sample of hyal- 
uronic acid freed from protein by ultrafiltration 
(Ogston & Stanier, 1950, 1952). This ultrafiltered 
sample was kindly supplied by Dr J. E. Stanier 
(Fig. 5). 

The application of the correction to the results 
shown in Fig. 1A produces those shown in Fig. 1B. 
The variation between the different human samples 
is markedly reduced, though the variation is still 
outside the experimental error. This method of 
correction is based directly on the results of ex- 
periments and is independent of any theoretical 
considerations. 

Boundary anomalies in solutions of hyaluronic acid 
and albumin. The type of boundary anomaly dis- 
cussed by Johnston & Ogston (1946) might be 
expected to occur in this system, since it is reason- 
able to suppose that either component, at a given 
concentration, will sediment more rapidly when 
present alone than in the presence of the other 
(i.e. below the faster boundary). This would result 
in the concentration of the slower component, 
estimated from the sedimentation diagram, being 
increased and the apparent concentration of the 
faster component being correspondingly decreased, 
in comparison with their known concentrations in 
the mixed solution used. Unfortunately in the 
present case direct demonstration of these effects is 
not wholly possible. 

Effect of hyaluronic acid on albumin. When the 
albumin boundary is the faster, its apparent con- 
centration should be lowered, but this effect will 
be negligible, because of the small refractive con- 
tribution of the hyaluronic acid relative to that of 
albumin. When albumin forms the slower boundary 
there should be an appreciable change in its con- 
centration. These predictions are in agreement with 
the results obtained (Fig. 4). 

Effect of albumin on hyaluronic acid. The corre- 
sponding effect, when hyaluronic acid is the slower 
component, cannot be similarly confirmed because 
the sharpness of the hyaluronic acid boundary 
prevents direct estimation of its apparent concen- 
tration. However, several of the results obtained 
suggest that the effect is taking place: (i) Since the 
sedimentation rate of hyaluronic acid varies 
rapidly with concentration, the marked effect of 
albumin in lowering the sedimentation rate of 
hyaluronic acid (when the latter is the slower com- 
ponent) (Fig. 2), is most easily explained by an 
increase of the concentration of hyaluronic acid 
behind the albumin boundary. (ii) The curve of 1/S 
against viscosity (Fig. 3) is consistent with this 
explanation, the hyaluronic acid, as predicted, 
showing a reduced rate of change of sedimentation 
constant with dilution of the fluid in the range 
where the hyaluronic acid is changing from slower 
to faster component. (iii) The changes produced by 
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albumin on the width of the hyaluronic acid peak 
in the sedimentation diagram and on the time 
required before it becomes diffuse come nearest to 
a direct demonstration, both suggesting an increase 
of the concentration of hyaluronic acid sedimenting 
as the slower component. 


The rates of sedimentation of hyaluronic acid and of 
albumin each in the presence of the other 


Hyaluronic acid sedimenting through albumin. The 
rate of sedimentation of hyaluronic acid through 
albumin can be observed directly only when 
hyaluronic acid forms the faster boundary, i.e. at 
the greatest dilutions; under these conditions, the 
effect of albumin is very small. At higher concentra- 
tions, where hyaluronic acid forms the slower 
boundary, its rate of sedimentation through 
albumin (i.e. below the albumin boundary) can be 
arrived at only indirectly, as follows: Johnston & 
Ogston (1946) expressed the boundary anomaly by 

O’/C = (S,—S3)/(S,—S2)s 
where C is the original concentration of the slower 
component, C’ its concentration behind the faster 
boundary, S, the rate of movement of the faster 
component (i.e. of the faster boundary), S, and S, 
the rates of movement of the slower component 
above and below the faster boundary. This relation- 
ship is now used to estimate S,. C is known; S, and 
S, are directly measured; C’ is estimated from the 
relationship between concentration and 1/S in the 
absence of albumin (Fig. 5). The equation can now 
be solved for S}. The resulting values (Fig. 6) show 
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Fig. 6. Variation in the sedimentation constant of hyal- 
uronic acidin albumin with concentrations of albumin and 
hyaluronic acid. Curves calculated from data obtained in 
runs in which hyaluronic acid formed the slower boundary. 
Curve A, albumin concentration 4%; curve B, 2%, and 
curve C, 0-5%. 
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that the rate of sedimentation of hyaluronic acid, of 
given concentration, through albumin, is reduced 
approximately in proportion to the concentration of 
albumin. This reduction would be expected from 
the effect of albumin in increasing both the density 
and the viscosity of the medium through which the 
hyaluronic acid is sedimenting. 

Albumin sedimenting in the presence of hyaluronic 
acid. Since albumin is normally the faster com- 
ponent, its sedimentation rate in the presence of 
hyaluronic acid is directly measured (Table 2). 
These values are plotted in Fig. 7 to show the effect 
of constant concentrations of hyaluronic acid on 
varying concentrations of albumin. Though there is 
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Fig. 7. Variation in the sedimentation constant of albumin 
in hyaluronic acid with concentrations of hyaluronic 
acid and of albumin. A, hyaluronic acid concentra- 
tion=100 mg. mucin/100 ml.; ©, +300 mg. mucin; 
0), =700 mg. mucin. 
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the hyaluronic acid molecule obtained by calculation 


from the sedimentation of hyaluronic acid-albumin 
mixtures. 
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some scatter of the points, the relationship obtained 
is clearly of quite a different character from that 
shown in Fig. 6, for the converse case. The striking 
feature is that any given concentration of hyaluronic 
acid appears to have no effect on the sedimentation 
of albumin when the concentration of albumin is 
zero, although it reduces the rate of sedimentation 
of albumin at any finite concentration the more so 
the higher the concentration of hyaluronic acid. 
This must mean that the sedimentation of separate 
molecules of albumin is not appreciably interfered 
with by the presence of hyaluronic acid, and con- 
sequently it follows that, in the presence of hyal- 
uronic acid (as in its absence) the fall of sedimenta- 
tion rate with increasing concentration of albumin 
must be ascribed to the mutual interference of 
albumin molecules. The simplest hypothesis of how 
this effect could be increased by the presence of 
hyaluronic acid is that the hyaluronic acid denies 
solution space to the albumin, i.e. that the hyal- 
uronic acid particles are in part impenetrable by the 
albumin. The albumin would then occupy only 
a fraction of the total solution, and its effective 
concentration would be raised. This increase of 
effective concentration would then account for the 
lowered rate of sedimentation, in accordance with 
the behaviour of albumin alone and the theory of 
Fessler & Ogston (1951). 

On the basis of this hypothesis, values of the 
excluded volume per gram of hyaluronic acid have 
been calculated from the values in Tables 1 and 2, 
where albumin forms the faster boundary, and are 
given in Fig. 8. In view of the model of the hyal- 
uronic acid particle deduced by Ogston & Stanier 
(1951, 1952), namely a loose and voluminous random 
coil, this hypothesis is clearly oversimplified, since 
such a particle is not likely to be uniformly ‘im- 
penetrable’ over its whole volume. Indeed, both 
the concept of the ‘volume’ of such a particle and 
its impenetrable space must be statistical concepts. 
However, it is a striking fact that the estimates of 
both quantities are of the same order of magnitude 
(Ogston & Stanier, 1952, give a revised estimate of 
about 1-5x 10? ml./g. for the effective dynamic 
volume of ox hyaluronic acid in very dilute solution). 
The hypothesis itself, at first sight, appears to be 
unreasonable, since the exclusion of albumin could 
not possibly be due to steric causes, which would 
predict an impenetrable volume not more than 5% 
of the dynamic volume. 


SUMMARY 


1. Experiments have been done on the ultra- 
centrifugal sedimentation of hyaluronic acid and 
protein (albumin) in human synovial fluids, and 
in human and ox synovial fluid with added 
albumin. 

Bioch. 1955, 59 





626 


2. An empirical correction for the effect of 
albumin on the sedimentation of hyaluronic acid is 
obtained, and applied to the results obtained for 
human synovial fluids. , 

3. The effect of albumin on the sedimentation of 
hyaluronic acid, when the latter is the slower 
component, is shown to be consistent with the 
‘McFarlane’ (1935a, b) boundary anomaly. 

4. The effect of albumin on the sedimentation of 
hyaluronic acid and the reverse effect, in regions of 
the cell where both are present, have been investi- 
gated. The former is shown to be consistent in 
general with current theory. The latter effect 
requires special explanation, and the hypothesis is 
put forward that a large fraction of the hyaluronic 
acid particle is not penetrable by albumin. 

The author is most grateful to Dr A. G. Ogston for en- 
couragement and for very helpful discussions; to Mr R. G. 
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Taylor of the Wingfield-Morris Orthopaedic Hospital, 
‘Oxford and to Dr Robb-Smith of the Radcliffe Infirmary, 
Oxford, for supplies of human synovial fluid, and to the 
Oxford Co-operative Society Ltd., for facilities at their 
Botley Road slaughterhouse. 
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A Comparison of the Properties of Hyaluronic Acid from 
Normal and Pathological Human Synovial Fluids 


By J. P. JOHNSTON* 
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A number of studies have previously been carried 
out on synovial fluid from both human and animal 
sources. The present work was undertaken pri- 
marily to compare the hyaluronic acid in fluids 
from normal and pathological human knee joints. 
Because of the small volume of fluid available from 
a normal joint, investigation by electrophoresis or 
by preparation of ultrafilter-residue (Ogston & 
Stanier, 1950) was precluded and these methods 
were accordingly not used on pathological effusions. 
The methods used included ultracentrifugal and 
viscosity measurements, the formation of mucin, 
and the study of its composition. It was hoped 
that any difference between these properties in 
normal and pathological fluids might throw light 
on any changes in the hyaluronic acid in trauma and 
disease. Furthermore, an assessment of the results 
from these techniques might reveal a reliable and 
sensitive test for abnormality in joint fluids. 


EXPERIMENTAL 


Synovial fluids, sources and collection 


Knee-joint fluid from freshly slaughtered cattle was col- 
lected and stored as described by Ogston & Stanier (1950). 
Human synovial fluid from knee joints was obtained with 
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full sterile precautions. The human samples, may be divided 
into three groups: (i) fluids from normal joints, (ii) fluids 
from joints as near normal as possible, and (iii) frankly 
pathological fluids. Those in the intermediate group were 
obtained only from joints which appeared at operation to 
be nearly normal; all injuries were past the acute phase and 
the joints had been previously rested. Brief data on the 
samples are given below. 

Normal group. A and B: normal joint fluid obtained at 
operation, 1 ml. J: post-mortem sample obtained 12 hr. 
after death, 1 ml. 

Intermediate group. C: internal derangement of the knee, 
approx. 15 ml. D: pooled sample from four cases of cartilage 
operation, approx. 12 ml. #: cartilage operation. Slightly 
blood-stained, 8ml. F: cartilage operation, 3ml. G: 
cartilage operation, 8 ml. 

Pathological group. H: acute trauma with large effusion, 
approx. 40 ml. K and L: untreated case of rheumatoid 
arthritis. Fluids from right and left joints respec- 
tively. 

M and N: from the same joints as K and L after treatment 
with cortisone. Samples K-N were obtained by partial 
aspiration of large effusions. 

Storage. All fluids were cooled to 4° as soon as possible. 
Human fluids retained their viscosity at this temperature for 
from 3 weeks to several months, despite brief removal to 
room temperature and contamination on withdrawal of 
part of the sample. After 12 hr. at room temperature a 
fluid fell in viscosity and.therefore during dialysis or pro- 
longed experiments all fluids were kept at 4°, but no sterile 
precautions were taken for brief experiments. Fluids were 
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dialysed against a standard buffer before use (0-2m-NaCl, 
0-0077 M-Na,HPO,, 0-0023M-KH,PO,, pH 7-3). 

Certain fluids during the first few days of storage in the 
cold, threw down a voluminous clot. One of these clots was 
removed, washed and redissolved in mM-Na,CO,. This 
solution gave positive tests for protein and carbohydrate. 
In the ultracentrifuge it proved heterogeneous, but showed 
a diffuse component of S55 1-5. Since the viscosity of a fluid 
was unaffected by the appearance of a clot, fluids were 
centrifuged before use and any clot rejected. 


Methods 


Ultracentrifuge. A Svedberg oil-turbine ultracentrifuge 
with a diagonal schlieren optical system (Philpot, 1938) was 
used. All running procedure and sedimentation constant 
calculations were carried out as described by Cecil & Ogston 
(1948). 

Viscosity. Routine viscosity measurements were made in 
an Ostwald viscosimeter (capacity 0-95 ml. and water-flow 
time of about 24 sec.). Studies on viscosity at different 
velocity gradients were carried out in a co-axial cylinder 
Couette-type viscosimeter (Ogston & Stanier, 1953a). This 
had a capacity of 10 ml. of fluid and a range of velocity 
gradient up to 75 sec.—1. All viscosity measurements were 
made at 25°. 

Total nitrogen. Total nitrogen was estimated by ashing 
and nesslerization. The colour developed was measured in 
a Hilger ‘Biochem’ photoelectric colorimeter. 

Glucosamine. Glucosamine in mucin was estimated by 
the method of Johnston, Ogston & Stanier (1951). 

Refractive increment. Two refractometers were used to 
measure refractive increment. The first was a double-prism 
refractometer (designed by Dr J. St L. Philpot); the second 
was a modification of this (Cecil & Ogston, 1951). Light of 
546 and 578 muz., respectively, was used in the two refracto- 
meters. Determinations were accurate to 2x10-* of 
refractive index (s.D.). 

Mucin preparation. Mucin clots were prepared by the 
small scale method of Ogston & Stanier (1950). 

Dry weight. The dry weight of mucin was measured by 
heating to constant weight at 105°. 

Estimation of hyaluronic acid concentration. Animmediate 
problem arose as to the method chosen to estimate hyaluro- 
nic acid concentration. Provisionally concentration was 
referred to dry weight of mucin. All fluids examined gave 
a satisfactory clot in a clear solution, although the friability 
of the clot varied. Two methods were employed. In the 
first, mucin clots were prepared from a known volume of 
fluid after dialysis, and heated to constant weight. In some 
cases mucin clot formation after dialysis was unsatis- 
factory; the original fluids were therefore used and errors 
from volume change on dialysis eliminated by quantitative 
transfer of the sac contents with washing after dialysis was 
complete. 

The second method depended on refractive increment 
estimation. A calibration curve was prepared for the 
alteration in the refractive increment of buffer on dilution 
with small quantities of distilled water. Pairs of mucin 
clots from the same fluid were prepared, one of each pair 
was heated to constant weight. The second was added to 
a weighed quantity of buffer, and the resulting solution 
weighed and its refractive increment estimated against 
that of buffer. The weights of the wet and dry clots gave the 
weights of water and mucin added to the buffer and from 
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these the specific refractive increment of mucin could be 
calculated. The mean of five estimations gave a result of 
0-00164 + 0-00004 (s.p.). 

Refractive increment estimations could now be used to 
measure mucin concentration. A single clot was prepared, 
weighed, redissolved in buffer, and the refractive increment 
of the solution measured as described above. As a first 
approximation the buffer was assumed to have been diluted 
by water corresponding to the wet weight of the clot, the 
refractometric measurement then allowed the true dry 
weight of the clot to be obtained by successive approxima- 
tion. This method was more rapid, and was of value with 
small fluid samples since it left a mucin solution for further 
experiments. 


RESULTS 


Composition of mucin. The total nitrogen and 
glucosamine contents of mucin prepared from five 
different fluids were examined. Total nitrogen 
estimations gave a value of 11:1% +0-8 (s.p.). 
Glucosamine estimations gave a value of 11:9% 
+ 0-6 (s.p.). All the fluids in this experiment formed 
satisfactory clots although the clinical normality of 
the joints varied considerably.. There was no 
correlation between these analytical figures and the 
normality of the fluid as indicated by other tests. 
These mean values and that of the specific refractive 
increment given above agreed satisfactorily with 
previous estimations on human fluids and with 
those obtained from studies on ox fluid (Ropes, 
Robertson, Rossmeisl, Peabody & Bauer, 1947; 
Ogston & Stanier, 1952, 19536). In view of these 
results and the uncertain importance of mucin no 
further analyses were made. 


Ultracentrifuge results 


General. Forty-six ultracentrifuge runs were 
carried out on hyaluronic acid and its derivatives. 
Fig. 1 gives typical sedimentation schlieren 
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Fig. 1. Ultracentrifuge diagrams of (a) fluid from normal 
group, (b) fluid from rheumatoid arthritis group, (c) fluid 
from intermediate group showing the presence of a fast 
component. The arrows indicate the direction of sedi- 
mentation. 
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diagrams for a normal human fluid, for a patho- 
logical fluid, and for a fluid of the intermediate 
group showing a fast component. The rate of sedi- 
mentation of the hyaluronic acid was affected by 
the presence of protein. This effect is due to a 
boundary anomaly operating in the sedimentation 
of mixtures and not to an effect of protein on the 
molecular properties of hyaluronic acid (Johnston, 
1955a). The protein concentration of each solution 
was therefore estimated by integration of the 
sedimentation diagrams and all values for the Sy, of 
hyaluronic acid were corrected for the presence of 
protein, being referred to hyaluronic acid sedi- 
menting alone. Fig. 2 shows a plot of the reciprocal 
of these corrected Sy) values against the log of the 
Ostwald viscosity of the solutions. The hyaluronic 
acid from different sources shows marked variation 
in its properties. The reality and significance of 
these differences will be discussed later. 

Fast components. In seven of the fluids there was 
an additional fast-moving boundary (Fig. 1c). The 
times of origin of these were found by extrapolation 
to be approximately the same as those of the other 
components. This showed that they represented 
a genuine sedimenting component and were not a 
convection artifact. In fourteen cases the sedimen- 
tation constants were measured. Since the fast 
boundaries only persisted for from 5 to 40 min. after 
reaching full speed, accurate determinations were 
not always possible. (Measurement was limited in 
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Fig. 2. Variation in 1/8. of hyaluronic acid with log 
viscosity of the solution. Normal group of fluids: A, 
sample A; 7, sample B; O, sample J; (J, ox fluid. 
Intermediate group of fluids: JJ, sample C; @, sample D; 
A, sample £; Y, sample F; @, sample G. Pathological 
group of fluids: +, sample H; x, samples K—N. 
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time and had to start immediately on nearing full 


‘speed when rotor temperature and speed were still 


changing.) The sedimentation constants varied 
between 9-1 and 15-2. They tended to rise in dilute 
solution and the values at infinite dilution lay 
between 17 and 20. No marked correlation existed 
between Sy) and the viscosity of the solution, the 
concentrations of hyaluronic acid or albumin, or the 
time of persistence of the boundary. This last was 
chosen as a possible means of estimating the con- 
centration of the fast component. 

It is likely that these fast components arose from 
hyaluronic acid. The boundaries resembled those of 
hyaluronic acid and in two cases appeared only in 
dilutions of the original fluid. In a run on an acci- 
dentally infected fluid the hyaluronic acid boundary 
appeared reduced and there were two fast-moving 
boundaries identical with those of fast component. 
The S, values of the fast boundaries were, however, 
16-3 and 27-0. 

The formation of fast component on dilution of 
a synovial fluid was suggested by the following: 
(1) in two cases no fast component appeared in the 
original solution; (2) where fast components were 
present in more than one of the dilutions of a fluid, 
the concentration of the fast boundary appeared to 
remain constant or to increase in the more dilute 
solutions. (This observation was based both on the 
appearance of the boundary and on its time of 
persistence.) Even where the concentration of the 
boundary appeared constant on serial dilution, this 
would indicate a greater proportion of the hyal- 
uronic acid appearing in this form. The possibility 
that this was due to a change progressing with time 
rather than with dilution was eliminated in the case 
of sample C. Runs were performed on three 
dilutions (all showing fast components) before the 
original fluid was ultracentrifuged. The original 
fluid showed no fast component. 

If these boundaries arise from hyaluronic acid, 
then, whatever the reason for their appearance, they 
must represent a form of hyaluronic acid sufficiently 
homogeneous to give a single ultracentrifuge 
boundary. This may not entail a high degree of 
homogeneity, since the variation of Sy 9 with 
concentration must produce a considerable ‘sharp- 
ening’ effect on the boundaries of hyaluronic acid. 
(This is illustrated by sample D which, though 
a pooled sample, formed a single boundary.) The 
variation of Sj.) with concentration appears less in 
the case of the fast component but this is difficult to 
assess, since concentration estimation is uncertain. 
A marked sharpening effect may still operate with 
the fast component and cause a heterogeneous 
component to form a single boundary. If the 
increase in S.4») represents an alteration in the size or 
form of the hyaluronic acid molecule giving rise to 
a range of compounds, this sharpening will explain 
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the appearance in different synovial fluids of single 
boundaries with differing sedimentation properties. 
The Sy) observed will represent an average for the 
range of compounds dependent on the proportions 
present. 

Albumin|globulin (A/G) ratios. The A/G ratios 
were estimated from the sedimentation diagrams. 
Resolution of the peaks was carried out by the 
methods described in Johnston & Ogston (1946). 
Satisfactory agreement was found between different 
diagrams in the same run except where the ratio was 
above 10. These values do not represent the true 
A/G ratio because of the McFarlane effect and 
because some of the globulins of plasma may sedi- 
ment in the ultracentrifuge with the albumin. An 


Table 1. The albumin/globulin ratios and intrinsic 
viscosities for different human synovial fluids 


Intrinsic viscosity is (7,¢,—1)/¢, extrapolated to ¢=0, 
where ¢ is the hydrated volume fraction. 


Albumin/globulin Log intrinsic 
Sample ratio viscosity 
A 17-0 4-20 
C 7-6 3-55 
D 9-5 3°10 
E 9-3 3-25 
PF 7:8 3-25 
G 10-0 3-25 
H 3-6 3-70 
J 14-0 3-80 
K 0-83 _ 
L 1-6 —— 
M 1-4 — 
N 2-4 - 
160 
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Fig. 3. Variation in the time of appearance of a diffuse 
boundary during sedimentation with the concentration of 
the hyaluronic acid boundary. (Time expressed as 
minutes after reaching full speed, hyaluronic acid con- 
centration as mg. mucin/100 ml. in the original fluid.) 
The symbols refer to different samples of synovial fluid 
as in Fig. 2. 
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approximate correction for the former was made; 
the presence of the hyaluronic acid was ignored and 
a correction based on the equation for the concen- 
tration in the trailing boundary of a sedimenting 
mixture was applied (Johnston & Ogston, 1946). 
This correction proved small and was only used 
where the total protein present exceeded 2%. The 
A/G ratios so obtained are given in Table 1. The 
values for the ‘normal’ human fluids are higher than 
those for ox fluids. A rheumatoid arthritis patient 
after treatment with cortisone showed a slight 
increase in the A/G ratio of the fluids of both knee 
joints (samples M, N compared with K, L). 

Diffuseness of the boundary. In ultracentrifuge 
experiments the hyaluronic acid boundary at first 
appeared very sharp but in some cases became 
diffuse during the course of sedimentation. This 
change showed as a rapid blurring or disappearance 
of the boundary ‘spike’ with a simultaneous 
broadening of its base (Ogston & Stanier, 1950). 
For any given sample of fluid the time taken for this 
to happen was roughtly proportional to the hyal- 
uronic acid concentration (Fig. 3). 

The behaviour, however, of different samples 
varied considerably. For the same concentration of 
hyaluronic acid, the normal fluids took longer to 
produce a diffuse boundary than did those of the 
other groups. (In view of the rough nature of this 
test the value of the hyaluronic acid concentration 
in the original fluid was used and no attempt made 
to correct for concentration effects when hyaluronic 
acid formed the trailing boundary. Since the more 
abnormal fluids tended to have a higher protein 
content, this correction, if it were applied, would 
increase the differences found by this test.) An 
apparent exception to the observation that normal 
fluids took longer to form a diffuse boundary, was 
sample D which, though it belonged to the inter- 
mediate group, had the greatest tendency to 
produce a diffuse boundary. This sample was ob- 
tained by pooling four separate fluids and the 
diffuseness was probably due to heterogeneity of the 
hyaluronic acid from these different sources. 

Viscosity. Viscosity measurements by Ostwald 
viscosimeter were made on all fluids and their 
dilutions. There was considerable variation in the 
relationship between the mucin content and the 
Ostwald viscosity of different samples (Fig. 4). 

In three cases sufficient fluid was available for 
measurement in the Couette viscosimeter, and the 
viscosity of serial dilutions was measured. Values for 
Mri, for zero velocity gradient were obtained by 
extrapolation of a plot of 1/n,., against velocity 
gradient (r); values for infinite velocity gradient 
were also obtained by extrapolation (7, against 
1/r). From mucin clot formation, and assuming a 
value of 45% for the hyaluronic acid in mucin 
(Ogston & Stanier, 1952) the hydrated volume 
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fraction (¢) of hyaluronic acid could be calculated 
for each solution. The viscosity expressed as 
log [(,.1,—1)/¢] was calculated and a typical plot 
of this against ¢ is given in Fig. 5.. The relative 
viscosity values obtained from the Ostwald vis- 
cosimeter are also included. In some dilutions they 
show a viscosity less than the so-called ‘infinite 
velocity gradient’ values for the Couette viscosi- 
meter, indicating either an error due to capillary 
flow of a fluid showing anomalous viscosity or to 
an unsatisfactory extrapolation to obtain 7.) (.) 
Couette. Ostwald viscosity always decreased 
relative tO 7,1, (~) Couette on dilution of the fluid. 
The intrinsic viscosity is independent of the velocity 
gradient, and the intrinsic viscosity obtained from 


2-0 
16 
12 
& 
ee eS 
— 08 
0-4 
0 


200 400 600 800 1000 
Mucin (mg./100 ml.) 


Fig. 4. Variation in the Ostwald viscosity of synovial 
fluid with the hyaluronic acid concentration estimated as 
mg. mucin/100 ml. solution. The symbols denote different 
samples of fluid, as in Fig. 2. 
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Fig. 5. Variation of log [(7,.), — 1)/¢] with hydrated volume 
fraction (@) at different velocity gradients. Curve A, zero 
velocity gradient, Couette viscosimeter; curve B, 


infinite velocity gradient, Couette viscosimeter; curve C, 
Ostwald viscosimeter. 
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the Ostwald measurements agrees satisfactorily 


‘with the Couette value. This was found in the two 


other fluids and Ostwald viscosities were used to 
measure the intrinsic viscosity of samples too small 
for the Couette viscosimeter (Table 1). 

Non-Newtonian variation of viscosity with 
velocity gradient was found in the fluids studied in 
the Couette viscosimeter, although in some cases 
dilution removed all detectable variation. The 
intrinsic viscosity and the degree of the non- 
Newtonian viscosity (‘anomaly’) varied between 
the different samples. This variation in the anomaly 
might indicate the normality of the fluid. Table 2 
shows the intrinsic viscosities of the fluids and the 
extent of their anomaly. This latter was measured 
in two ways: (1) the extent of the anomalous 
viscosity (expressed as 


Log [( rei. 0) — 1)/6] — log [(mret. cao) — 1)/$)) 

for an arbitrarily chosen concentration value 
(¢=6 x 10-4); (2) the extent of the anomalous vis- 
cosity (expressed aS 1,1, @) — Nel, («o)) Compared to 
Nrel. (coy: (The three fluids happened to provide 
dilutions of approximately the same 7,.) (.) Value.) 
Normal fluids might be expected to have a high 
intrinsic viscosity and a large anomaly relative to 
concentration and to viscosity at infinite velocity 
gradient. The methods of comparison used in 
Table 2 do not give consistent results for these 
tests, and this will be discussed below. 

Molecular dimensions. As in ox fluid, the intrinsic 
viscosity was independent of velocity gradient, 
indicating a nearly spherical molecule. To account 
for anomalous viscosity at finite concentrations 
a very voluminous particle must be assumed. From 
the intrinsic viscosity, Sy) at infinite dilution and the 
rate of change of 1/S.) with concentration [d(1/S)/de] 
the molecular weight, hydrodynamic specific 
volume and axial ratio were calculated for some of 
the samples. The method used was that of Fessler & 
Ogston (1951) as modified by Ogston (1953). The 
partial specific volume was taken as 0-69 and 
hyaluronic acid was assumed to form 45 % of mucin 
(Ogston & Stanier, 1952). The values obtained are 
given in Table 3. These estimates can, at best, be 
considered semi-quantitative. The hydrodynamic 
theory of the variation of 1/Sy.) is imperfect and the 


Table 2. Comparison of the non-Newtonian viscosity 
of three synovial fluids with the intrinsic viscosity 
and the infinite velocity gradient viscosity 


Values of » expressed as relative viscosities; subscripts 
refer to velocity gradients. 


Logi Logo [(0 - 1)/¢] - 
intrinsic —logy9 [(n«o — 1)/¢] 
Sample Na No-No viscosity ¢=6 x 10 
C 7:4 4:3 - 3-6 0-13 
D 9-0 5-0 3-1 0-23 
H 9-5 3-1 3-7 0-14 
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Table 3. Values of the axial ratio (J), effective hydro- 
dynamic volume (V’) and molecular weight (M) of 
human hyaluronic acids 


Sample J ’ M 
A 20 500 8-4 x 10° 
J 15 275 2-1 x 107 
C 25 40 1-2 x 10° 
D 7 110 1-5 x 108 
H 10 250 1-3 x 10° 


value of certain constants used uncertain. They 
confirm, however, the model of a very voluminous 
particle of no great asymmetry with a normal 
molecular weight (M) of the order of 10’. The 
method is more accurate in the estimation of 
molecular weights, and the decrease in M in the 
abnormal fluids probably indicates a depolymeriza- 
tion of the molecule. 


DISCUSSION 


Mucin properties. The glucosamine content, total 
nitrogen and specific refractive increment of mucin 
obtained from different synovial fluids agree well 
between themselves and with those for ox fluid. 
These estimations can only be made on normal and 
near-normal fluids (those capable of forming clots) 
and so are of limited application. They show little 
or no change with the degree of abnormality of the 
fluid as judged by other tests. 

Ultracentrifugal results. The comparison of 1/S45 
for hyaluronic acid with log viscosity of solution 
showed a large variation between different samples 
of synovial fluid. This, though reduced, remained 
after a correction was applied for the protein present 
(Fig. 2). This residual variation might be due to an 
inadequate or inaccurate correction for the presence 
of protein, especially as the value of Sy») at infinite 
dilution varied little between samples. (Extra- 
polation to infinite dilution of hyaluronic acid is also 
equivalent to extrapolation to zero concentration of 
protein and might be expected to give a correct 
Sy) at infinite dilution even though the correction 
for the presence of protein was inaccurate.) It is 
likely, however, that this remaining variation is too 
large to be accounted for by errors in the correction ; 
and furthermore, in the case of three fluids, an 
increase in the correction would lead to an even 
larger variation between different fluids. Agree- 
ment between the behaviour of different fluids 
cannot be obtained by choosing any arbitrary 
correction to the Sy) of hyaluronic acid proportional 
to protein concentration. 

If abnormality of hyaluronic acid leads to a 
decrease in viscosity and an increase or little change 
in Sy), then this residual variation indicates that in 
abnormal fluids the viscosity and the Sy) of hyal- 
uronic acid are affected to different extents. 
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Either the viscosity is reduced before the S.) value 
is affected, or else, if they are affected simultan- 
eously, then the fall in viscosity is relatively greater 
than the rise in S4y. 

From the time of first appearance of diffuseness in 
hyaluronic acid boundaries and from the behaviour 
of the fast component, it was suggested that a single 
hyaluronic acid boundary in the ultracentrifuge 
might represent a mixture of hyaluronic acid 
particles of different size and properties. The 
variation in the sedimentation behaviour of fluids 
in the normal group might be explained by this 
hypothesis, i.e. that hyaluronic acid represents a 
range of particles and not a particular molecular 
configuration of fixed ultracentrifugal and viscous 
properties. According to this the hyaluronic acid of 
normal synovial fluids will vary in physical pro- 
perties but will tend to contain a higher proportion 
of particles having low S,) and high viscosity. If 
this is true, then the fact that the mucin formed 
from different fluids is constant in its glucosamine 
and total N contents could be due to either of two 
causes: (1) that within the normal and near-normal 
range of molecular size of hyaluronic acid, the 
weight of protein associated with hyaluronic acid 
in mucin is dependent more on the quantity of 
‘hyaluronic acid chain’ than on the number of 
molecules; (2) that a decrease in the size of the 
hyaluronic acid molecule need only be very small to 
affect its physicochemical properties, and that in 
this narrow range the change may be too small to be 
detected by analytical procedures. 

Viscosity measurements. Hyaluronic acid must 
have nearly spherical molecules with considerable 
hydration since in the Couette viscosimeter experi- 
ments, the intrinsic viscosity was independent of 
velocity gradient. The fluids examined in the 
Couette viscosimeter included one from the patho- 
logical group (sample H) and the range of intrinsic 
viscosities obtained by extrapolation of data at 
different velocity gradients lay between 1260 and 
5100, suggesting that no great increase in axial ratio 
occurs in the hyaluronic acid of pathological fluids. 

General. Several of the investigations showed 
differences in the properties of the various samples 
of hyaluronic acid. The normality of the hyaluronic 
acid as judged by ten criteria is roughly indicated in 
Table 4. 

The tests chosen were: (1) Clinical state of the 
joint. (2) The quantity of fluid present in the joint, 
the less fluid found the more normal it was presumed 
to be. (3) The ability to form mucin clots: desig- 
nated (a) normal clot, (b) a clot formed in a clear 
solution but with poor retraction and increased 
friability, and (c) no clear solution obtained or very 
friable clot. (4) Diffuseness of the boundary in the 
ultracentrifuge. The longer the time taken for the 
boundary to become diffuse during the course of 





The symbols range from + + + and + + to indicate normality to — indicating gross abnormality. 


Clinical Normality Diffuse- Protein (1/S29)/ Nrer.| 

state of Quantity of mucin _ ness of concen- —_ (1/S4p) A/G Intrinsic mucin mucin 
Sample joint of fluid clot boundary tration/7,., — Mre1, ratio viscosity content content 
Ox ++ + +4 ++ +++ ++ t+ ++ ++ 
J + + + + b+ ++ ++ +++ t+ ++ ++ 
A + + b+ ++ +++ ++ ++ + + t+ + t+ + t++ 
C t T Tt Te r + - vv + 
D t + - > + - + + + 
E : 1} 4. 4. i } ‘ +. - } =< 
F + + + + - + - 
G ~ + - + = + “ + - 
H - _ - + - as Se: + ate oes ee 
K-N ~ ~ ‘ - - 


a run at a given hyaluronic acid concentration, the 
more normal the hyaluronic acid was considered. 
(5) The quantity of protein present divided by the 
viscosity. The protein content of a normal fluid is 
lower than that of a pathological effusion. The 
protein concentration was compared with the 
viscosity to correct for dilution of the synovial 
fluid. (6) 1/S,,5 compared with Ostwald viscosity. 
This was based on the residual variation observed 
from the ultracentrifugal results of Fig. 2. (7) Albu- 
min/globulin ratio. High values of the A/G ratio 
were taken as indicating normality. (8) The 
intrinsic viscosity measured by Couette or Ostwald 
viscosimeter. High values were again taken as 
indicating normality of the hyaluronic acid. 
(9) The value of 1/Sj) compared with mucin content. 
The more normal fluids were expected to show a 
reduced Sy) value for equivalent mucin concentra- 
tions. (10) The Ostwald viscosity compared with 
the mucin content. A high viscosity for a low mucin 
content should indicate normality. Owing to the 
variation of anomaly this is not equivalent to (8). 
The criteria used in the first seven columns of the 
table show very close agreement in assessing 
normality. (The mixed nature of sample D has 
already been mentioned as a possible reason for its 
appearing very abnormal by the ultracentrifuge 
boundary test.) Agreement is not close, especially 
in the cases of samples D and H, in the last three 
columns; these columns all involve the use of dry 
weight of mucin clot. It is likely that this property 
of clot formation is differently affected by abnorm- 
ality of hyaluronic acid. Comparison of any other 
property of hyaluronic acid with dry weight of 
mucin will then give misleading results. The 
Couette viscosimeter results are interesting in this 
connexion. According to most of the criteria of 
normality sample H shows greater abnormality 
than either sample C or D. The values in Table 2 
indicate this only when assessed by the comparison 
of the viscosity anomaly with viscosity. This 
measurement alone of the three tests proposed in 
Table 2 does not involve the weight of mucin clot. 
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Table 4. The degree of normality of samples of hyaluronic acid as judged by various criteria 
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Further results showed that this comparison of 
viscosity with viscosity anomaly affords a con- 
venient method of estimating the normality of the 
hyaluronic acid in synovial fluid (Ogston & Stanier, 
19536; Johnston, 19556). 

In conclusion, human hyaluronic acid resembles 
fairly closely that of ox fluid. There is, however, a 
greater individual variation between apparently 
normal joints. In the fluid from abnormal joints the 
ultracentrifugal results, viscosity and mucin forma- 
tion show variation. As the fluid becomes more 
abnormal, the ultracentrifugal behaviour, the 
viscosity and the anomalous viscosity are affected 
in a simple manner. The weight of mucin formed in 
pathological fluids still capable of clot formation is 
affected in a complicated way and the weight of 
mucin formed is difficult to interpret. 


SUMMARY 


1. The viscosity, ultracentrifugal behaviour, 
mucin formation, mucin properties and hyaluronic 
acid molecular dimensions have been studied for 
a number of human synovial fluids from normal and 
pathological knee joints. 

2. The ultracentrifugal and viscosity behaviour 
is affected in abnormal fluids which have not lost 
the property of clot formation. 

3. It is suggested that even in fluids which will 
form a compact mucin clot, the weight of the clot 
may be abnormal, and that the use of mucin 
estimations even in these nearly normal fluids is 
unsatisfactory. 

4. Other criteria of normality for human hyal- 
uronic acid are discussed. 
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The Viscosity of Normal and Pathological Human Synovial Fluids 
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The use of mucin content as a criterion against 
which to compare such physicochemical properties 
of human synovial fluids as viscosity and hyaluronic 
acid sedimentation constant appears unsatisfactory. 
The more abnormal fluids will not form compact 
clots, and this power of clot formation is an in- 
sensitive and qualitative test. Even in the more 
normal solutions which do form compact clots the 
use of the clot weight appears misleading, and 
investigation of the mucin formed with respect to 
specific refractive increment, total N, or glucos- 
amine content appears to show no variation in this 
normal to near-normal range (Johnston, 1955). 
The comparison of sedimentation constant with 
viscosity is a very laborious technique. The investi- 
gation of three human fluids by means of a Couette 
viscosimeter, however, had suggested that the 
reduction in the degree of non-Newtonian viscosity 
(‘anomaly’), compared to the viscosity at a 
standard velocity gradient, might afford a test of 
normality of hyaluronic acid. This reduction in 
anomaly had been further demonstrated for ox 
fluids rendered artificially abnormal (Ogston & 
Stanier, 1953a). It was accordingly decided to 
design a viscosimeter capable of providing varied 
velocity gradient and requiring very small quanti- 
ties of fluid, and with this to investigate more fully 
the viscous properties of human fluids. Full 
viscosity measurements were carried out on a 
number of fluids from different sources, and in some 
cases the effects of temperature, dilution and of the 
action of hyaluronidase were investigated. 


* Present address: Medical Division, Chemical Defence 
Experimental Establishment, Porton, Wilts. 


EXPERIMENTAL 
Methods 


Viscosity was measured by timing the rate of flow of fluid in 
a horizontal capillary, variation in the flow rate being 
obtained by applying different pressures. 

Apparatus. The apparatus (Fig. 1) consisted of a hori- 
zontal length of capillary tubing (length 16 cm., int. diam. 
0-3 mm.) connected to two 5cm. vertical pieces. These 
were of 1mm. int. diam. increasing to cups of about 
0-5 cm. int. diam. A cross tube (1 mm. int. diam.), with a 
tap, connected the two limbs of the U-tube so formed. One 
limb of the U-tube was connected by a 3-way tap to air and 
to a water or mercury manometer. The U-tube and mano- 
meter were mounted on a rigid frame arranged so that the 
U-tube could be immersed in a thermostatically controlled 
water bath to the level indicated. Marks 1, 4 and 8 cm. 
apart were arranged along the fine capillary. 

Procedure. The U-tube was first cleaned thoroughly by 
washing in succession with conc. HNOs, glass-distilled 
water, ethanol, 10% (w/v) KOH in ethanol and finally with 
ethanol. It was dried, and the fluid to be examined was 
introduced so that it filled the capillary and cross-tube and 
rose into the expansion in the side pieces (0-3 ml. of fluid 
required). A small droplet of o-chlorotoluene was then 
added to the fluid. This was done by dipping a piece of 





Fig. 1. Section of capillary viscosimeter. 
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finely drawn glass tubing, first into the fluid in the vis- 
cosimeter, then into the o-chlorotoluene and finally back 
again into the fluid. By capillarity a drop of o-chlorotoluene 
was obtained in a column of fluid and it could be expelled 
below the surface of the fluid in the viscosimeter. The drop- 
let could then be brought into the fine capillary by adjusting 
the flow or by gravity. The apparatus was not very sensitive 
to the size of the droplet, and one of suitable size could 
readily be judged. The U-tube was then connected to the 
manometer and frame and immersed in the bath. Readings 
were made as follows. The tap of the cross-tube of the vis- 
cosimeter was left open and the 3-way tap connected to air, 
viscosimeter and manometer until the level in the two limbs 
reached equilibrium. Both taps were then closed and the 
required pressure was obtained in the manometer. The 
3-way tap was turned to connect manometer and viscosi- 
meter, and the droplet in the fine capillary was timed 
between two suitable marks by stop watch. Both taps were 
opened for re-equilibration and the procedure was repeated. 
Alternate positive and negative pressures could be applied 
during an estimation. 

Calibration. Trouble was first experienced through the 
sticking of droplets in the capillary. o-Chlorotoluene was 
found to be more satisfactory than mercury (Smithies, 
1953). Extreme cleanliness of the capillary was required but 
acid cleaning was adequate so long as the capillary was 
afterwards exposed to KOH solution in ethanol. Experi- 
ments with water showed that, if the droplet completely 
filled the bore of the capillary but its length was not greater 
than 3 times its diameter, no difference in the flow was 
observed with different droplets. Only occasional water 
runs were carried out to check reproducibility. Fig. 2 shows 
a plot of applied pressure against reciprocal flow time for 
water, points obtained on four successive calibration runs 
being shown. The slope of this line was used to calculate 
relative viscosities. The upper curve shows points obtained 
with a synovial fluid. 

Calculation of relative viscosity. The relative viscosity at 
any flow rate was taken as the ratio of the pressure required 
for the fluid to that required by water. Zero velocity gradient 


Pressure applied in mm. water 





5 10 15 20 25 
(Flow time in sec.)"' x 10? 
Fig. 2. Variation of the reciprocal of the flow time in 8 cm. 


of the capillary with the pressure applied. Curve A: for 
synovial fluid. Curve B: for water. 
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viscosities were estimated by extrapolation. A plot of 1/y 
against (100/t)# (where ¢=flow time in sec. for 8 cm. capil- 
lary) was reasonably linear at low flow rates. Infinite 
velocity gradient viscosities were estimated by extrapola- 
tion (plot of 7 against t), and by measuring the slope of the 
plot of pressure against 1/t where this showed linearity at 
the higher flow rates. These estimates agreed closely and 
when possible the mean was used. 

Comparison with Couette-type viscosimeter. The viscosi- 
meter was compared with a Couette-type viscosimeter 
(Ogston & Stanier, 19536). Fluids whose viscosity had been 
measured with the Couette viscosimeter at Oxford were 
kindly provided by Dr A. G. Ogston and Dr J. E. Stanier and 
viscosity measurements were made on these with the 
capillary viscosimeter. Values for zero velocity gradient 
viscosity showed reasonable agreement, but the values 
obtained with the capillary instrument tended to be higher. 
Values for infinite velocity gradient were all considerably 
lower in the capillary instrument. It had been previously 
noted that Ostwald viscosimeters frequently gave lower 
viscosities than Couette infinite velocity gradient values and 
also the capillary instrument can be used up to higher 
velocity gradient than the Couette viscosimeter. Capillary 
measurements of infinite velocity gradient viscosities may 
therefore be preferred. (Ogston & Stanier, personal com- 
munication, agree that their extrapolation (1950) to infinite 
velocity gradient is probably unreliable.) 

Difficulty arises in the capillary instrument, however, due 
to the fact that the velocity gradient in capillary flow is not 
uniform. It is therefore possible for a fluid with a high 
anomaly but a low viscosity at infinite velocity gradient to 
show the same capillary flow time as one with a reduced 
anomaly but higher value at infinite velocity gradient. An 
attempt was therefore made to try to assess the errors that 
this might involve. Values for the viscosity obtained at a 
standard Couette velocity gradient (44-2 sec.-1) were com- 
pared with the flow time in the capillary viscosimeter 
required to give the same viscosity. Good agreement for 
flow time was obtained with fluids of differing viscosity and 
anomaly. This indicated that the mean velocity gradient 
for the capillary flow time was not affected seriously by 
variation in the anomaly of the fluid examined. 

Viscosities obtained in the case of nine fluids at velocity 
gradients in the Couette viscosimeter of 14-7 and 73-5 sec.-1 
were compared with capillary results. It was found that 
these viscosities agreed very closely with viscosities 
obtained at flow times of 100 and 20 sec. (s.p. of duplicate 
estimations, +3-8%). The flow times were therefore, within 
experimental error, inversely proportional to the Couette 
velocity gradients, suggesting a satisfactory linear propor- 
tion between ‘mean velocity gradient’ and flow time in the 
capillary viscosimeter. These results were used to convert 
the capillary flow time to mean velocity gradient. 


Materials 


Synovial fluids. Both ox and human synovial fluids were 
used. They were collected and stored as previously described 
(Johnston, 1955). Fluids were centrifuged but not dialysed. 
Dilution was made by weight with standard buffer (0-2M- 
NaCl; 0-0077 M-Na,HPO,, 0-0023 M-KH,PO, ; pH 7-3). 

Hyaluronidase solution. Benger’s ‘Hyalase’ freshly made 
up in buffer was used. : 

o-Chlorotoluene. This was re-distilled at 40° under reduced 
pressure. 
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fromany disease likely to produce joint abnormality. 
Clinical oedema of the legs was absent in all cases. 
The viscosities obtained at five different velocity They were collected between 6 and 24hr. after 
gradients for synovial fluids are shown in Table 1. death. 

Post-mortem samples (PM,_,) were obtained from With two exceptions, rheumatoid arthritis 
the knee joints of subjects who had not suffered samples (RA,_,) were obtained from the knee joints 


RESULTS 


Table 1. The viscosities at different velocity gradients and temperatures of normal 
and pathological human synovial fluids 


Dilution Temp. 
Sample factor (*) No M147 Nias "368 Qo 
PM, 0-331 0 34-0 14-5 8-10 4-48 3-38 
10 34-8 14-1 8-35 4-48 3-55 
20 37°5 15-2 9-15 5-50 3°75 
25 25-0 14-1 8-83 5-28 4-10 
30 23-5 13-7 8-70 5°65 4-70 
37 20-5 12-8 8-95 5-80 4-95 
45 21-0 13-6 9-40 6-10 5-25 
0-113 25 3°76 3-20 2-80 2-28 2-14 
45 3-04 2-77 2-45 2-45 1-88 
0-079 25 2-38 2-20 2-08 1-90 1-83 
37 2-35 —_ 2-04 1-83 1-79 
45 1-90 1-90 1-90 1-90 1-90 
PM, 1-000 25 1250 110 48-0 20-8 13-5 
37 790 113 51-2 23-7 15-0 
0-330 25 10-0 8-00 7-50 5-30 4-60 
37 10-1 8-10 6-47 4-90 4-13 
0-167 25 3-77 3-20 3-20 2-72 2-55 
37 3-30 2-91 2-84 2-42 2-24 
PM, 1-000 25 5000 187 55-0 17-7 7-70 
PM, 1-000 25 7000 233 77-0 24-0 9-00 
Ox 1-000 25 33°3 15-5 9-24 4-91 3-90 
RA, 1-000 25 48-8 26-8 17-9 10-8 9-00 
37 42-3 25-9 16-2 10-8 8-75 
45 27-7 22:7 18-2 11-6 8-90 
0-500 25 8-07 6-80 5-68 4-65 4-22 
37 6-78 6-08 5-40 4-35 3-60 
45 7-80 6-42 5-83 4-58 3-94 
0-249 25 2-80 2-40 2-68 2-40 2-32 
37 2-03 2-03 2-03 2-03 2-03 
RA, 1-000 25 87-0 36-0 21-2 11-9 9-30 
37 44-6 28-5 20-2 11-6 8-75 
45 47-1 29-2 20-4 12-0 8-90 
0-538 25 10-5 8-80 6-63 5-07 4-24 
37 9-20 7-60 6-22 4-75 3-80 
0-270 25 3-30 2-80 3-05 2-72 2-30 
37 2-77 2-77 2-77 2-77 2-77 
RA, 1-000 25 111 27-2 15-4 9-30 7-50 
37 34-0 22-4 15-2 9-65 7-60 
RA, 1-000 25 48-5 29-2 20-0 12-0 10-2 
RA; 1-000 25 172 67-2 34-5 17-5 12-2 
RA, 1-000 25 29-4 17-2 14-2 9-75 8-30 
RA, 1-000 25 41-7 23-6 16-0 10-6 7-80 
RA, 1-000 25 200 62-0 34-0 18-3 12-2 
RA, 1-000 25 8-70 8-00 7-00 5-30 4-50 
M, 1-000 12-5 5630 240 95-5 37-5 19-5 
25 1920 252 106 41-3 18-1 
37 1320 243 106 42-6 18-4 
0-740 25 540 133 59-0 26-5 15-2 
37 338 122 61-0 28-9 16-0 
0-538 25 200 57-6 32:8 16-0 11-6 
37 149 55-0 30-5 16-6 11-4 
0-363 25 37-0 25-3 15-4 9-50 7-30 
37 33°4 21:3 15-2 9-50 7-47 
0-181 25 9-30 7-20 5-45 4-20 3-85 
M, 1-000 25 125 61-0 34-4 18-0 12-1 
37 105 54-5 34-6 18-8 12-4 
M, 1-000 25 200 58-0 31-2 15-4 9-90 
M, 1-000 25 100 34-0 18-9 10-0 6-50 


The subscripts attached to the column headings give the values of the velocity gradient in sec.—'. 
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of subjects who were not in an acute phase of the 
disease and who were not being treated with corti- 
sone. (RA; was obtained during an acute phase and 
RAg from a Baker’s cyst near the knee.) 

A miscellaneous group of fluids was also used. 
These consisted of fluids obtained at operation on 
knee joints for a foreign body (M,) and for torn 
cartilage (M,). Sample M, came from a case of 
pulmonary osteoarthopathy and M, from a case of 
Reiter’s syndrome. 

From Table 1 it will be seen that the viscosities 
of the undiluted fluids vary considerably, patho- 
logical fluids showing reduced viscosity. It is not 
clear, however, whether this reduction in viscosity is 
due to dilution or abnormality of the hyaluronic 
acid. 

Fig. 3 gives an indication of the degree of viscosity 
anomaly compared to the viscosity at a standard 
velocity gradient. It will be seen that the ox and 
post-mortem fluids show an increased anomaly 
relative to the pathological fluids. The fluids in the 
miscellaneous group tend to be intermediate in 
their properties between the ‘normals’ and the 
rheumatoid arthritis fluids. Dilution of the fluids 
shows that the relative increase in anomaly in the 
case of the normals is not abolished by dilution. 

Effect of temperature. In many cases the viscosity 
of the fluid was measured at more than one temper- 
ature. The results are included in Table 1. It will be 
seen that the viscosity at high velocity gradients is 
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Fig. 3. Variation in the extent of the non-Newtonian 
viscosity of synovial fluid (measured as 14-7 sec.—1/ 
Nes sec.—2) With log ggg sec.—1- @, OX fluid; O, post-mortem 
fluids; x , post-mortem fluid treated with hyaluronidase; 
@. miscellaneous group fluids; 1J, rheumatoid arthritis 
fluids. —, Connects points obtained by serial dilution of 
the same fluid; --—-, connects points obtained by treat- 
ment of a single fluid with hyaluronidase. 
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unaffected by temperature while at low velocity 
gradients viscosity is reduced by a rise in temper- 
ature. It is only at very low velocity gradients 
that any temperature difference is apparent. The 
viscosity at a velocity gradient of 75 sec. is un- 
affected, and systematic changes only appear at a 
gradient of about 20sec.—! or less. The fall in 
viscosity with temperature rise becomes proportion- 
ally greater the more viscous the fluid. This is 
illustrated by Fig. 4 which compares the value of 
n° with the difference in the 7m) values for 25° and 
37°. There is no apparent difference in the viscosity 
behaviour between fluids of the three groups in 
relation to temperature. 

Effect of hyaluronidase. Fluid PM, appeared 
normal when tested by the (4-7 — 736s)/N3sg. test and 
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Fig. 4. Variation in the difference between the zero 
velocity gradient viscosities measured at 25 and 37° with 
the zero velocity gradient viscosity at 25°. ©, Post- 
mortem fluids; [, miscellaneous group fluids; A, 
rheumatoid arthritis fluids. 
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Fig. 5. Decrease in the viscosity of synovial fluid at 
different velocity gradient on treatment with hyaluroni- 
dase. ©, Viscosity at velocity gradient of 14-7 sec.-}; 
V, at 73-5 sec.—1; A, at 368 sec.—1; [, at infinite velocity 
gradient. 
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was chosen for a hyaluronidase experiment. 
‘Hyalase’ solution was added to the fluid, bringing 
the final ‘Hyalase’ concentration to approximately 
33 Benger units/100 ml. The fluid was mixed, 
transferred to the viscosimeter and measurements 
carried out at intervals during the next 26 hr. (The 
solution was kept in the water bath for 7-5 hr., 
returned to 4°, and replaced in the bath on the 
following day.) 

Fig. 5 shows the fall in viscosity with time. It 
will be noticed that the viscosity at high velocity 
gradients was unaffected for some time, although the 
low velocity gradient viscosities immediately fell 
rapidly. The infinite velocity gradient viscosity did 
not begin to decrease until 7-5 hr. after the addition 
of the hyaluronidase; during this time the zero 
velocity gradient viscosity fell from 5300 to 13-5. 
This rapid decrease in the anomaly relative to high 
velocity gradient viscosity is illustrated in Fig. 3. 


DISCUSSION 


Apparatus. The simple viscosimeter appears to 
give satisfactory results in the case of human 
synovial fluid. It has the advantages of requiring 
very little of the fluid to be tested and having a 
considerable mean velocity gradient range. Any 
errors involved in the use of capillary flow appear to 
be negligible. 

Results. The comparison of the extent of the 
viscosity anomaly of a fluid with its viscosity at a 
standard velocity gradient appears to give a satis- 
factory and sensitive test of the normality of the 
hyaluronic acid in a human synovial fluid. Some of 
the normal fluids tested show properties similar to 
those of ox fluids, but others show a reduced 
anomaly. This could be due to either of two possi- 
bilities. (1) That the fluid found in normal joints 
does not contain hyaluronic acid of fixed properties, 
but merely of viscosity properties lying within a 
range, the upper limit of which approximates to the 
properties of ox fluid. (2) The methods used to 
overcome the difficulty in obtaining normal fluids 
have not been adequate. In the case of the miscel- 
laneous and rheumatoid arthritis groups, reduced 
anomaly was present in all cases. It appears as 
though the fluid associated with rheumatoid 
arthritis dces not show uniform viscosity properties. 
This suggests that the hyaluronic acid in rheuma- 
toid arthritis is not so much a distinct abnormal 
form of hyaluronic acid as a mixture of altered 
forms. This variation in the anomaly between 
different samples of rheumatoid arthritis fluids is 
less, however, than in the case of the normals. The 
sensitivity of this test in the case of abnormal fluids 
is indicated by the fact that the fluids of the miscel- 
laneous group and many fluids from the rheumatoid 
arthritis group were capable of forming compact 
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mucin clots. This indicates that hyaluronic acid can 
be altered to give different viscosity properties 
without an effect on its ability to form mucin. 

The fall of viscosity at low velocity gradient 
occurring as the first detected change in the pro- 
perties of hyaluronic acid in abnormal fluids may 
have considerable importance. It has been sug- 
gested that the anomalous viscosity is of consider- 
able value in the lubricating powers of synovial 
fluid (Ogston & Stanier, 1953c,d). Thus a fluid 
which, judged by mucin content and by viscosity 
measured in an Ostwald viscosimeter, appears 
normal may be very abnormal when considered as 
a joint lubricant. On the other hand, the fluid will 
appear abnormal as judged by this viscosity test. 

The treatment of a normal fluid with hyaluroni- 
dase led to a steady decrease with time in the vis- 
cosity anomaly. The fluid passed through the range 
of the miscellaneous and rheumatoid arthritis fluids 
and finally showed less anomaly compared with its 
viscosity at a standard velocity gradient than any 
of the other fluids examined. This observed be- 
haviour and the known effect of hyaluronidase on 
clot formation parallels the properties of the patho- 
logical fluids examined. The uncertainty, however, 
of the precise action of different preparations of 
hyaluronidase on human hyaluronic acid makes the 
interpretation of the results doubtful. 


SUMMARY 


1. Asimple type variable velocity gradient viscosi- 
meter of low fluid capacity (0-3 ml.) is described. 

2. Measurements of viscosity at various velocity 
gradients have been carried out on a number of 
normal and pathological human synovial fluids. 
The effect of temperature and dilution has been 
studied. 

3. It has been concluded that the reduction of the 
viscosity anomaly relative to high velocity gradient 
viscosity is a sensitive test of abnormality in the 
fluid. 

4. The action of hyaluronidase has been shown to 
cause normal fluids to resemble pathological fluids 
when tested in this way. 

I wish to thank Dr A. G. Ogston for advice and helpful 
discussions, Dr Ernest Fletcher of the Royal Free Hospital, 
London, Dr L. E. Glynn of the Royal Canadian Memorial 
Hospital, Taplow, and Mr D. Trevor of Charing Cross 
Hospital, London, for supplies of synovial fluid. 
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The presence in certain pathological urines of pro- 
tein-like material which is not coagulated by heat 
has been realized for some years. It has been called 
mucin, mucoid, nucleoprotein, phosphoprotein, 
mucoprotein and nucleoalbumin by different in- 
vestigators and has usually been detected by the 
turbidity produced on rendering the diluted urine 
acid with acetic acid. The isolation and character- 
ization of a similar substance in normal urine was 
first reported by Tamm & Horsfall (1950, 1952), 
who employed two methods of isolation, one relying 
on ethanol precipitation and the other on salting- 
out with 0-58m sodium chloride. Yields in both 
cases were of the order of 2-2-5 mg./100 ml. of 
urine. Data on this substance suggest that the 
term ‘mucoprotein’ is appropriate (Tamm & 
Horsfall, 1950, 1952; Gottschalk, 1952; Odin, 1952; 
Waldron, 1952a, b). 

The first part of the present paper deals with a 
method of isolating mucoproteins from normal urine 
by adsorption on benzoic acid, a technique sug- 
gested by its use in the concentration of the urinary 
and serum gonadotrophins (Katzman & Doisy, 
1932; Rimington & Rowlands, 1941). The second 
part describes a method of estimation employing 
diphenylamine. This was first used by Jolles (1910) 
for the demonstration of fructose and later by a 
number of workers for the estimation of inulin 
(Corcoran & Pape, 1939; Alving, Rubin & Miller, 
1939). More recently it was shown to give a purple 
colour in acid solution with a serum constituent 
thought to be mucoprotein (Niazi & State, 1948; 
Ayala, Moore & Hess, 1951) and with the muco- 
protein fetuin from foetal calf serum (Deutsch, 
1954). The mucoprotein fraction which we have 
isolated also gave a purple colour with the acid 
diphenylamine reagent which proved suitable for 
quantitative application. 

Preliminary reports of this work have been 
published (Anderson, 1954; Anderson & Maclagan, 
1954). 


METHODS AND MATERIALS 


Nitrogen was determined by the micro-Kjeldahl method in 
a Markham still (Markham, 1942), reducing sugar by the 
method of Hagedorn & Jensen (1923), acetyl content by the 
method of Kuhn & Roth (1933), and hexosamine by the 
method of Tracey (1952). 
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Paper chromatography was carried out for amino acids as 
described by Consden, Gordon & Martin (1944), for sugars as 
described by Jermyn & Isherwood (1949), and for amino 
sugars as described by Partridge (1948). 

The method of Durrum (1950) and Flynn & de Mayo 
(1951) was used for paper electrophoresis. 

Diphenylamine reagent. Diphenylamine (1 g.) dissolved in 
a mixture of 90 ml. of glacial acetic acid and 10 ml. of conc. 
H,SO,, all reagents being AnalaR. 

Reaction tubes. The special glass-stoppered tubes 
(6 x 2 in.) used for the incubation with the diphenylamine 
reagent had a vertical groove in the glass stopper which 
permitted equilibration of pressure with the atmosphere, 
but allowed mixing by inversion when turned to the closed 
position. 


EXPERIMENTAL 


Isolation of mucoprotein A,. Method 1. To each litre of 
filtered normal male urine was added, slowly and with 
constant stirring, 200 ml. of an acetone solution of benzoic 
acid (20%, w/v). After 2 hr. standing at room temperature 
with occasional stirring, the precipitate of benzoic acid was 
filtered off and dissolved in 100 ml. of acetone. After centri- 
fuging, the supernatant fluid was discarded and the residue 
washed with a further 60 ml. of acetone. It was then treated 
with 40 ml. of water previously adjusted to pH 9-9-5 with 
2n-NaOH. After centrifuging, the supernatant fluid was 
decanted and the residue washed with a further 40 ml. of 
water. The combined supernatant fluids were then dialysed 
against distilled water (2 1.) overnight at room temperature. 
The dialysed solution was made 0-2 with respect to NaCl 
by the addition of an aqueous solution of 7% NaCl (w/v) and 
the mucoprotein precipitated by pouring the solution slowly 
and with constant stirring into 5 vol. acetone. After 
complete flocculation of the precipitate (about 1 hr.) it was 
centrifuged down, washed twice with acetone, dried over 
CaCl, in vacuo and weighed. 56 1. of urine yielded 4-43 g. of 
a brown powder. This was dissolved in water and dialysed 
against running dist. water at room temperature until a 
constant N content had been reached (35 hr.). The muco- 
protein was then reprecipitated by NaCl and acetone. 
2-17 g. of a light brown powder was obtained, a yield of 
3-87 mg./100 ml. of urine. 

Although this yield was higher than those previously 
reported it did not include the whole of the mucoprotein 
present, as a further fraction (3-1 mg./100 ml.) was obtained 
from the supernatant urine, after benzoic acid adsorption, 
on the addition of 5 vol. ethanol. This fraction contained 
more reducing substance (30-7%) and considerably less N 

5-1%) than that obtained by benzoic acid adsorption. 

Isolation of mucoprotein A,. Method 2. A slightly modified 
method of isolating mucoprotein A, was used, which did not 
depend on the presence of acetone. 
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To each litre of filtered male urine was added 125 ml. of 
2m sodium benzoate followed by 100 ml. of 2N-HCl at room 
temperature. The precipitated benzoic acid was filtered off 
and dissolved in 100 ml. of acetone. After flocculation of the 
resulting residue (about 30 min.) it was centrifuged down 
and washed once with acetone. The residue was then treated 
with 50 ml. of water at pH 9-9-5, the supernatant retained 
after centrifuging and the residue washed with a further 
quantity of water. After centrifuging, the combined 
supernatant fluids were made 0-2 with respect to NaCl as 
above and the solution poured into 5 vol. acetone. After 
flocculation the precipitate was centrifuged down, washed 
twice with acetone and dried under vacuum. 521. of urine 
yielded 7-48 g. of a brown powder. This was dissolved in 
water and dialysed against running distilled water at room 
temperature for 120 hr. The small residue that formed 
during the dialysis was centrifuged down and rejected and 
the mucoprotein in the supernatant fluid reprecipitated 
with sodium chloride and acetone as described above. 
1-37 g. of a light brown powder was obtained, a yield of 
2-6 mg./100 ml. of urine. 

Properties. Both mucoproteins A, and A, dissolved 
fairly readily in water at pH 7, solution being faster in water 
previously adjusted to pH 9-9-5 by the addition of 2N- 
NaOH. No precipitate occurred on adding equal volumes of 
the following reagents to a 2% (w/v) aqueous solution of the 
two mucoproteins: trichloroacetic acid (20%), sulpho- 
salicylic acid (10%), picric acid (saturated) and phospho- 
tungstic acid (20%). Precipitation did occur, however, with 
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Fig. 1. Hydrolysis of mucoprotein A, with 2N-HCl at 100° 
as determined by reducing power expressed as glucose. 


Table 1. Chemical analysis of mucoproteins 
A, and A, 


Mucoprotein Mucoprotein 
Ay A, 
Nitrogen (%) S 9-5 
Reducing activity, 
expressed as glucose: 


(a) Before hydrolysis 

(b) Maximum liberated 
after hydrolysis 
(2n-HCl, 100°) 


Acetyl (%) 
Hexosamine (%) 
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5% phosphotungstic acid in 2N-HCl, and with 75 % acetone 
(v/v). In the latter case, flocculation was greatly increased 
in the presence of 0-2m-NaCl. Both mucoproteins gave 
positive Molisch, biuret, ninhydrin, xanthoproteic, Millon 
and Sakaguchi reactions. They gave a purple colour with the 
diphenylamine reagent. They also gave a colour reaction for 
N-acetylhexosamine with Ehrlich’s aldehyde reagent 
(Morgan & Elson, 1934) on heating with 0-05n-Na,CO,. The 
substance giving the reaction was dialysable through cello- 
phan. The maximum amount of reducing sugar calculated 
as glucose, released in 1 hr. (Fig. 1) on hydrolysis with 
2n-HCl at 100°, was 17-5%. Results of chemical analysis 
are given in Table 1. 

When subjected to paper electrophoresis at pH 8-6, both 
mucoproteins, which stained rather faintly with azocarmine, 
were found to migrate as a rather diffuse band with a mean 
mobility between that of serum «,~ and «,~ globulin. The 
poor definition of the bands suggested that the preparations 
were probably not homogeneous. 


Chromatographic examination of the 
hydrolysed mucoproteins 


Amino acids. Hydrolysed material (4N-HCl, 100°, 10 hr.) 
was examined by two-dimensional chromatography, and the 
following amino acids were identified : aspartic acid, glutamic 
acid, phenylalanine, tyrosine, valine, proline, argenine, 
lysine, alanine, threonine, glycine, serine and leucine 
(isoleucine). In addition, three unknown ninhydrin-re- 
acting spots were encountered. Their positions in the case 
of A, are shown in Fig. 2. Preparation A, gave identical 
results. 

Sugars. Hydrolysed material (N-H,SO,, 100°, 6 hr.) was 
run in ethylacetate—pyridine-water (2:2:1, by vol.), 
employing the descending technique. On spraying with 
aniline hydrogen phthalate reagent, galactose, mannose and 
fucose were detected, the relative quantities of each de- 
creasing in the order given. 

Amino sugars. On spraying the amino acid chromato- 
grams with ninhydrin, a large purple-grey spot appeared in 
addition to those due to the amino acids. This spot was in the 
position corresponding to that of glucosamine or galactos- 
amine but further identification was not successful. 
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Fig. 2. Two-dimensional chromatogram of the products of 
mucoprotein A, obtained after hydrolysis with 4N-HCl 
for 10 hr. 








THE ESTIMATION OF 
URINARY MUCOPROTEINS 


Specificity. The specificity of the diphenylamine reaction 
was first investigated. Table 2 shows the colour developed 
by the substances tested on heating with the diphenylamine 
reagent for 30 min. at 100°. The chromogenic power of the 
same amount of urinary mucoprotein is set at 100. It will be 
seen that the only substances other than mucoprotein 
found to give strongly positive reactions were fructose and 
fructose containing compounds. The method of estimating 
the mucoprotein, however, was devised so as to remove 
fructose. 

Heating conditions. It was found that time of heating was 
an important factor in the colour intensity produced. A plot 
of colour intensity (expressed as the colorimetric reading 
using an Ilford 604 Spectrum Green filter (500-540 my.) 
against time of heating at 100° (Fig. 3) shows a rapid increase 
in colour up to 40 min. After this period the rate of increase 
is slight. The colour of the mixture, after 40 min., alters 
visibly to blue. A time of 30 min. was finally chosen. 

Choice of filter. A study of the absorption curve in the 
visible region of the spectrum (Fig. 4) given by the urinary 
mucoprotein shows maximum absorption at 540 my. 
under the conditions described. A Spectrum Green filter 
(Ilford 604) was therefore adopted. These results are essenti- 
ally the same as those obtained by Ayala et al. (1951) for the 
purple colour reaction given by the diphenylamine reagent 


Table 2. Specificity of diphenylamine reaction 
for mucoprotein 
Chromogenic power 
on heating with 
diphenylamine 
reagent for 


Compound 30 min. at 100° 
Urinary mucoprotein 100 
Bovine serum albumin 2-6 
Bovine serum y-globulin 3-5 


Glycogen, hyaluronic acid, glucos- <40 
amine hydrochloride, t-fucose, D- 


glucose, D-mannose, D-galactose, 


nitrate 
Nitrite Yellow turbid 
solution 
Heparin 11-0 
p-Fructose, inulin, raffinose, sucrose 100-500 


050 


0-40 


0:30 


0-20 


0-10 





oO 


20 40 60 80 
Time of heating at 100° (min.) 


Colorimeter reading (optical density) 


Fig. 3. Rate of development of colour on heating muco- 
protein A, with the diphenylamine reagent at 100°. 
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and human serum. Fig. 4 also shows the curve obtained 


. when a fructose solution was treated similarly. Three 


maxima can be seen, at 500, 550 and 620 my. In conformity 
with this the resulting colour with fructose appears more 
blue than does the colour with urinary mucoprotein. 


Method of estimation 


The method of estimation was based on the 
second of the two methods of isolation described 
above since it was found that this method gave 
better recoveries of added mucoprotein than did the 
method involving the use of acetone. It was found 
that the variation of the pH of the mixture was 
critical, and that the best results were obtained by 
using a molar ratio of sodium benzoate to HCl of 
1-25, with a resulting pH of approximately 4-5. 
These conditions are similar to those employed by 
Rimington & Rowlands (1941) for the preparation 
of pregnant-mare serum gonadotrophin. For 
pathological urines when sulphosalicylic acid is 
used this ratio is, however, modified to 5 to give the 
same pH value. 


The details finally adopted were as follows: 

Sulphosalicylic acid (10 ml. of 10%) was added to 40 ml, 
of urine in a 100 ml. conical flask. After standing for 15 min. 
the mixture was filtered through no. 1 Whatman filter paper. 
If the filtrate was not absolutely clear it was returned to the 
mixture in the original flask, brought rapidly to the boil and 
allowed to cool before refiltering. [This preliminary treat- 
ment with sulphosalicylic acid served to remove heat- 
coagulable protein, and to dissolve phosphate deposits if 
present. This procedure was not necessary in the case of 
clear normal urines, which were dealt with as previously 
described (Anderson & Maclagan, 1954).] 40 ml. of the 
filtrate (= 32 ml. of the original urine) were normally taken 
for estimation. 5 ml. of 2m sodium benzoate were added, 
followed after mixing by 1 ml. of 2n-HCl. After mixing and 
standing for 15 min. the mixture was filtered through no. 1 
Whatman filter paper on a Hirsch funnel and the precipitate 
of benzoic acid drained at the pump. The precipitate was 
then transferred quantitatively to a 10 ml. centrifuge tube 
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Fig. 4. Absorption spectra of diphenylamine colour with 
urinary mucoprotein (0-75 mg.) and fructose (0-44 mg.) 
in final volume of 6ml. Unicam spectrophotometer 
SP. 500, 7=1 cm. 
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and 8 ml. of acetone were added. After stirring to dissolve 
the benzoic acid, the mixture was centrifuged and the 
supernatant fluid rejected. 

To the residue was added 2 ml. of water previously 
adjusted to approximately pH 9-9-5 with 2N-NaOH. This 
rough adjustment of pH served to accelerate solution of the 
mucoprotein. After stirring for 10 min. to dissolve the 
mucoprotein, 8 ml. of acetone were added followed by 
1 drop of a saturated solution of NaCl. The mixture was 
stirred thoroughly and after complete flocculation (about 
10 min.) was centrifuged and the supernatant fluid rejected. 
The residue was treated with two successive 4 ml. portions of 
water previously adjusted to pH 9-9-5 as described above, 
the mixture being stirred and then centrifuged after each 
addition. The two supernatant fluids obtained (total volume 
8 ml.) were combined and mixed. 

A convenient volume (for normal urines 3 ml.) was 
pipetted into a special reaction tube described above. When 
a smaller sample was used (which was found necessary in 
the case of pathological urines with a high mucoprotein 
content), water was added to make the volume up to 3 ml. 
The diphenylamine reagent (3 ml.) was then added. The 
tube was stoppered with the glass-stopper in the closed 
position, the contents mixed, and after turning the glass- 
stopper to the open position, heated at 100° in a boiling- 
water bath for exactly 30 min. It was then cooled under 
running water and the colour read in a photoelectric colori- 
meter (EEL absorptiometer, Evans Electroselenium Ltd., 
Harlow, Essex) using a Spectrum Green filter (520 my.). 

A blank of 40 ml. of water was treated similarly. For 
urines with a mucoprotein concentration exceeding 20 mg./ 
100 ml. the estimation was carried out with a smaller volume 
of urine (10-20 ml.), diluted to 40 ml. with water. The 
reason for this is given below. 


Calibration curve. Fig. 5 shows the calibration 
curve obtained when increasing quantities of the 
urinary mucoprotein in 4U ml. of water were sub- 
jected to the standard procedure. A linear relation- 
ship exists between extinction and amount of 
mucoprotein up to 3 mg./3 ml. of extract. Above 
this amount the curve deviates from a straight line. 
This effect is interpreted as being due to the 
inability of the benzoic acid to adsorb all the muco- 
protein present at higher concentrations. 
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Fig. 5. Calibration curve for mucoprotein determination 
with diphenylamine reagent after benzoic acid adsorp- 
tion. 
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Table 3. Recovery of mucoprotein added 
to normal urine 


Amount of 
Initial cone. mucoprotein Final cone. 
(mg./40 ml. added (mg./40 ml. Recovery 
urine) (mg.) urine) % 
3°84 0-5 4-29 90 
3°84 1-0 4-85 101 
3-84 1-5 531 98 
3°84 2-0 5-76 96 
3-84 3-0 6-88 101 
3-84 5-0 8-88 101 


Calculation. From the calibration curve the amount of 
mucoprotein corresponding to the corrected colorimetric 
reading is read off. This is multiplied by the appropriate 
dilution factor to give the concentration in mg./100 ml. of 
urine. 0 


The dilution factor is normally 8-33 =; X35 x 2-5. 


Recovery of mucoprotein added to urine. Table 3 shows the 
recoveries obtained on adding varying amounts of muco- 
protein to 40 ml. of normal urine. Recoveries of amounts 
between 1 and 5 mg. were approximately quantiative. 

Effect of proteinuria. In urines containing heat-coagulable 
protein, the recovery of added mucoprotein is low, pre- 
sumably owing to adsorption. Thus it was found that the 
addition to 40 ml. of normal urine of bovine serum albumin 
(100 mg.) and of bovine serum y-globulin (100 mg.) resulted 
in a 31% reduction in the apparent mucoprotein content. 

Method of preserving urine. Experiments were undertaken 
to determine the best urine preservative. Since the method 
of estimation is pH dependent, acid could not be used. The 
addition of copper sulphate was found to interfere with the 
colour reaction, while the use of toluene was avoided since it 
often forms troublesome emulsions. Thymol was found not 
to interfere with the colour reaction and the effect of this 
preservative was studied more fully. It was found that 
normal urine in the presence of thymol (1 g. of powdered 
thymol/l.) was stable for 5 days at room temperature 
although, surprisingly, appreciable apparent loss of muco- 
protein occurred at 4°. Artificially infected urine (Esch. coli) 
gave similar results. After 5 days a slow rise in mucoprotein 
was observed, presumably bacterial in origin. 

All urines examined were therefore preserved with thymol 
(1 g./24 hr. urine specimen) and stored at room temper- 
ature. The estimation was performed within 24 hr. of 
collection. 


Variations of excretion of mucoproteins 


Diurnal variation. A study of the rate of excre- 
tion at various times of day is shown in Fig. 6. Four 
individuals were investigated and the thick line 
represents the average values. Considerable varia- 
tions existed both for a particular individual and 
between individuals. No significant rhythm could 
be detected. 

Day-to-day variations. Fig. 7 shows the variation 
in the daily excretion of urinary mucoprotein 
measured at irregular inter vals over a period of 
5 months for one individual. The values varied 
between 111 and 190 mg./2 4 hr., the two peaks A 
and B corresponding to perio ds in which the subject 
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had a cold, symptoms of both colds first appearing 


on days 0 and 86, and lasting in each case for about: 


14 days. If the ‘cold’ periods are excluded the 
values fell within the narrower range of 111-— 
151 mg./24 hr. When the ratio mg. mucoprotein/ 
24 hr./S.G. is plotted, where S.G. represents the 
second and third decimal place of the specific 
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Fig. 6. Diurnal variation in mucoprotein excretion in four 
subjects. 





90 100 110120 
Days 





180 
170 
160 
150 
140 
130 
120 
110 


mg. Mucoprotein/24 hr. 


Cold 
- Cold 
0 20 40 60 80 100 120 
Days 


Fig. 7. Variation in urinary mucoprotein excretion by one 
individual; influence of respiratory infection. 


Table 4. Urinary mucoprotein excretion 
m normal subjects 


Mg./24 hr. 
No. of A_____. 
Sex determinations Mean S.D. 
M 10 146 23-7 
F 10 106 20-1 


Significance of difference 40+ 9-8, P <0-001. 


A. J. ANDERSON AND N. F. MACLAGAN 


1955 


gravity reading, a similar rise in the case of the 
second ‘cold’ period was observed. 

Daily excretion of urinary mucoprotein by normal 
subjects. Ten normal men and ten normal women 
were studied. Determinations were made on 
thymol-preserved 24hr. urine collections which 
were proved protein-free by the sulphosalicylic acid 
test and sugar-free by Benedict’s qualitative 
reagent. The results are presented statistically in 
Table 4. There is a significant difference in the 
amount excreted by the two sexes, the mean figure 
for males exceeding that for females by 40 mg./ 
24 hr. 


DISCUSSION 


Confusion has existed in the past as to the exact 
definition of those proteins which are conjugated 
with hexosamine-containing carbohydrates. Ac- 
cording to the classification of Meyer (1945), which 
has been extended by Stacey (1946), mucoids or 
mucoproteins are those substances which contain 
a mucopolysaccharide in firm chemical union with 
a peptide, where the hexosamine content is more 
than 4%. (A mucopolysaccharide is defined as 
a polysaccharide which contains hexosamine as one 
component but no amino acids.) Mucoids and 
mucoproteins are constituents of mucin, the term 
‘mucin’ being best used in a physiological sense to 
denote a viscous secretion. The group of proteins 
which contains less than 4% hexosamine and about 
1 or 2% only of firmly bound carbohydrate are 
termed glycoproteins and include many proteins 
listed as albumins and globulins. This distinction, 
based on hexosamine content, is arbitrary. It is 
convenient because those substances with more than 
4% hexosamine tend to remain soluble in water 
after precipitation with ethanol, while those com- 
pounds with less than 4% hexosamine generally 
become insoluble after ethanol precipitation. 

More recently a further distinction between 
mucoids and mucoproteins was made by Morgan 
(1953). Those substances which contained 50-70% 
carbohydrate as the major component he called 
mucoids, mucoproteins being those substances with 
considerably less carbohydrate. Examples of the 
former group are those substances responsible for 
the blood-group characters (Morgan, 1953), ex- 
amples of the latter group being the carbohydrate 
containing proteins of serum (Winzler, Devor, 
Meyl & Smyth, 1948), of egg-white (Stacey & 
Woolley, 1942) and gonadotrophins (Gurin, 1942). 
This distinction between mucoids and mucoproteins 
is also arbitrary and there is probably no sharp 
distinction between them. 

Urinary mucoproteins are not coagulated by 
heat and are not precipjtated by most of the usual 
protein precipitants. It is probably for these 
reasons that their existence in normal urine has 
remained undetected for so long. On the other 
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hand, glycoproteins (albumin and globulin) have 
been known to occur as a trace constituent in normal 
urine for some time (Méerner, 1895; Addis, 1927; 
Wang & Wu, 1937; Gunton & Burton, 1947; 
Rigas & Heller, 1951; Tarnoky, 1951). The concen- 
trations found have varied between 1 and 11 mg./ 
100 ml. of urine. It now appears that in addition to 
this trace of glycoprotein in normal urine there is 
also present equal or slightly larger amounts of 
mucoprotein. 

From the analytical data that has been presented 
mucoproteins A, and A, are essentially identical. 
The qualitative composition is similar to that of the 
purified mucoprotein obtained from normal urine 
by Tamm & Horsfall (1950, 1952), at least so far as 
the carbohydrate residues are concerned. In both 
cases D-galactose, D-mannose and t-fucose have 
been shown to be present. No reports have pre- 
viously appeared on the amino acid content of the 
urinary mucoproteins. Our preparation appears to 
contain two or three more amino acids than those 
reported in salivery gland mucoprotein (McCrea, 
1953) and in the blood group mucoids (Annison & 
Morgan, 1952). 

Very little is known of the origin and function of 
the urinary mucoproteins. Mucoproteins are known 
to occur in serum (Winzler et al. 1948) and some, at 
least, of the urinary mucoproteins may be derived 
from this source. They may also be derived from the 
epithelium of the urinary tract and its accessory 
glands (Ross, Moore & Miller, 1942) and in certain 
cases from bacterial synthesis. These possibilities 
are being further investigated. 

The estimation of the urinary mucoproteins by 
means of the diphenylamine reaction appears to be 
specific under the conditions laid down. The only 
other substances tested which gave significant 
positive reactions were fructose and fructose-con- 
taining compounds. The addition of fructose to 
urine, however, does not interfere with the reaction 
since it is quantitatively removed in the process of 
estimation. In any case, these compounds are not 
normal constituents of human urine. 

No significant diurnal rhythm in urinary muco- 
protein excretion could be detected, although wide 
individual fluctuations were noted at different 
times of day. The estimation of urinary muco- 
protein excretion by one individual over a period of 
several months showed considerable variations in 
24-hourly excretion. A part of these variations 
appeared to coincide with the onset of respiratory 
infections, the excretion falling to within lower 
limits during the intervening period. 

Males excrete significantly more mucoprotein 
than females. This result was rather unexpected and 
possible causes are being explored. One explanation 
may be the presence in male urine of a certain 
amount of prostatic or seminal secretion. The 
presence of a non-heat-coagulable protein in semen 
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was reported as far back as 1888 by Posner, who 
termed it a proteose. Slowtzoff (1902) and Goldblatt 
(1935) also reported traces of mucin, while Wislocki 
(1950) found histochemical evidence of a muco- 
protein in seminal plasma, but not in the sper- 
matozoa. Ross et al. (1942) isolated from seminal 
plasma a substance which contained 10% N and 
27% reducing substance. Using the method of 
benzoic acid adsorption we have isolated from 
seminal fluid a non-dialysable, non-heat-coagulable 
protein with the qualitative properties of a muco- 
protein and which appears to migrate electro- 
phoretically at pH 8-6 with a mobility intermediate 
between that of the serum f- and «,-globulins. 
From our preliminary experiments, however, it 
seems unlikely that this could account quanti- 
tatively for the comparatively large sex difference 
in excretion which has been observed. Thus a pooled 
specimen of semen contained approximately 
900 mg. of mucoprotein/100 ml., and the chromo- 
genic power of this material with diphenylamine 
was about one-third that of the urinary muco- 
protein. Hence, to account for the sex difference, 
some 13 ml. of seminal fluid/l. of male urine would 
apparently be required. 

The significance of urinary mucoprotein has been 
little studied in the past owing to the lack of a 
simple method of estimation, and it is hoped that 
the use of the method described here will facilitate 
the investigation of this problem. 


SUMMARY 


1. A method of isolating mucoproteins from 
normal male urine by the use of adsorption on 
benzoic acid has been investigated. 

2. Two similar mucoprotein preparations (A, 
and A,) were obtained in a yield of approximately 
33 mg./l. of urine. Their properties have been 
investigated and analytical results are presented. 

3. A colorimetric method for the estimation of 
urinary mucoproteins in normal and pathological 
urines is described. 

4. No significant diurnal excretory rhythm was 
observed in four normal subjects studied. Observa- 
tions over a period of 5 months on one normal 
subject are recorded. 

5. Ten normal male subjects excreted 146 
+ 7-5 mg. of mucoprotein in 24 hr., while ten normal 
females excreted 106+ 6-4 mg. The sex difference 
was statistically significant (40 + 9-8) and a possible 
cause for this is discussed. 


This work was aided by grants from the British Empire 
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Diana Lawson for skilled technical assistance. 
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Note added in Proof. While this paper was in the press, 


we noted the work of Werner & Odin (1952) on the reaction. 


of diphenylamine with crystalline sialic acid. The absorp- 
tion curve which they report for the coloured complex 
produced is very similar to that shown above in Fig. 4, and 
it appears likely that our method of estimating urinary 
mucoprotein depends mainly upon its sialic acid content. 
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Studies on the Heterogeneity of Crystallized B-Lactoglobulin 


By A. G. OGSTON anv J. M. A. TILLEY* 
Department of Biochemistry, University of Oxford 


(Received 1 September 1954) 


In spite of evidence to the contrary, it seems to 
have been assumed that f-lactoglobulin of cow’s 
milk is sufficiently homogeneous to make its amino 
acid analysis (Brand & Kassell, 1942; Brand, 
Saidel, Goldwater, Kassell & Ryan, 1945; Stein & 
Moore, 1949) and its physico-chemical properties 
(Cohn & Edsall, 1943) worth measuring. This view 
may have been encouraged by the ease with which 
clean crystalline preparations can be made. 

Evidence for its heterogeneity has come primarily 
from electrophoretic studies. Pedersen (1936) first 
reported that it migrated as a single component 
over a wide range of pH; these measurements were 
made at 20° and at low concentration of protein. 
All subsequent work has been at 0-5-2° and at 
higher concentration of protein (Li, 1946, 1951; 
Polis, Schmukler, Custer & McMeekin, 1950; 

* Present address: The Grassland Research Institute, 
Hurley, Berkshire. 


McMeekin, Polis, DellaMonica & Custer, 1948; 
Alberty, Anderson & Williams, 1948; Bain & 
Deutsch, 1948; Deutsch, 1950; Jacobsen, 1949; 
Smithies, 1954). Direct comparison of the results of 
these workers is difficult because of the variety of 
conditions of pH and ionic strength used; however, 
all agree that B-lactoglobulin migrates as two or 
sometimes three components and that two main 
components can be distinguished in acetate and 
acetate—chloride buffers of pH 4-2—4-8. Polis et al. 
(1950) showed that the ratio of acetate to chloride 
appears to affect both the mobilities and the pro- 
portions of the two components at pH 4-8. Some 
authors have also commented on a marked differ- 
ence between the ascending and descending 
boundaries, especially at pH 4-8 and _ lower. 
Lundgren & Ward (1949) have suggested that the 
heterogeneity might be due to contamination with 
other whey proteins, but Polis et al. (1950) rejected 
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this suggestion; the electrophoretic properties of 
known whey proteins do not support it. 

Solubility measurements at constant ionic 
strength have been made by Sorensen & Palmer 
(1938) and Grénwall (1942). These showed litile 
variation of solubility with the amount of protein, 
but at least twice the amount of protein needed to 
saturate the solution was used. Polis et al. (1950) 
state that the solubility varies with small excess 
amounts of protein. Smithies (1954) has used the 
‘variable solvent’ test to show the presence of two 
main components, and possibly one minor com- 
ponent. Other solubility measurements (see Jacob- 
sen, 1949) have shown differences between different 
samples under identical conditions, and Jacobsen 
has shown that such samples may differ in chemical 
composition, 

McMeekin e¢ al. (1948) claimed to have separated 
fractions with differing electrophoretic behaviour. 
Polis et al. (1950) reported the isolation in 1% yield 
of a fraction which migrated as a single component 
at pH 4-8, with a mobility equal to that of the slower 
component seen in ordinary crystalline samples at 
this pH. It seems doubtful whether the determina- 
tions were accurate enough to support the claim 
that the N content and molecular weight of this 
fraction were significantly different from those of 
the parent material (cf. Halwer, Nutting & Brice, 
1951). The difference of molecular weights of two 
samples claimed by Christensen (1952) is certainly 
not statistically significant (Smithies, 1953). 

Deutsch (1950) and Smithies (1954) have ob- 
tained immunological evidence of heterogeneity. 

There is thus ample evidence that crystalline 
B-lactoglobulin is not a single homogeneous protein. 
There is little to indicate the nature of its hetero- 
geneity, apart from Polis et al.’s (1950) isolation of 
a fraction in very small yield. It must be re- 
membered that methods of preparation have 
varied slightly, Palmer (1934) using alkali to dissolve 
crystals before recrystallization, while most later 
workers (see Bull & Crrrie, 1946) have used neutral 
salt solutions. Most preparations have been made 
from pooled milk, which may have obscured a 
natural variation of the proportions of the com- 
ponents. 


METHODS 


Preparation of B-lactoglobulin. Milk was collected at the 
time of milking from the T.T. Guernsey herd of S. E. Howse 
and Sons, Botley, Oxford. One- or two-gallon batches were 
used, the whole of each batch, or in a few cases nearly the 
whole, coming from a single cow in mid-lactation. The milk 
was brought uncooled straight to the laboratory and was 
twice separated on a de Laval separator, using the 39-5 mm. 
gravity ring; 200-300 ml. left in the separator bowl was 
rejected. The skimmed milk was worked up by the method 
described by Smithies (1953), with the following modifica- 
tions: (i) preliminary dialysis of the lactoglobulin solution 
was against acetate buffer, pH 5-2, J =0-2; (ii) subsequent 
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dialysis was against de-gassed, glass-distilled water, 
saturated with toluene; (iii) after 2-3 days of (ii), but before 
precipitation began, the solution was centrifuged at 
12 000 rev./min. to remove a small amount of a grey 
amorphous sediment. 

All samples gave on dialysis an oil of high protein content, 
but different samples differed in their subsequent behaviour. 
If the oil did not crystallize spontaneously within a few 
days, it was seeded with crystals from a previous batch. If 
this failed, the oil and supernatant were suspended in 
(NH,).SO, (27-8 g./100 ml.), and the precipitate was again 
dialysed against pH 5-2 buffer and water. Recrystallization 
was performed by dissolving crystals in 1-0 or 0-1m-NaCl, or 
in pH 5-2 buffer, and dialysing against water. Electro- 
phoresis of the supernatant from the first recrystallization 
gave a complex boundary pattern, showing that consider- 
able amounts of other whey proteins had accompanied the 
first crystallization. Most samples were therefore recrystal- 
lized 2 or 3 times before use. The final products were either 
freeze-dried or kept as crystals in water under toluene at 1°. 
In all, thirteen separate preparations were made. Difficulty 
in crystallization was always experienced with samples 
which did not have the normal electrophoretic composition. 

Solutions were usually made by dissolving wet crystals in 
buffer and dialysing against a large volume of buffer at 1°. 
For solubility measurements (q.v.) freeze-dried protein was 
dissolved directly in the buffer or salt solution. 

Estimation of concentration. Concentration was esti- 
mated with the refractometer of Cecil & Ogston (1951), using 
the procedure of Smithies (1953). A value of 1-82 x 10-* 
at 546 mp. was taken as the specific refractive increment 
against water, on the basis of concentration g./100 ml. of 
solution (Pedersen, 1936; Halwer et al. 1951; Johnston, 
1945); this corresponds to 1-80x10-* in the buffers 
used. 

pH of buffers. This was determined at 18° with a Cambridge 
glass electrode and valve voltmeter, calibrated against KH 
phthalate pH 4-00 (British Standards Institution (1950), 
1647). AnalaR reagents and glass-distilled water were used. 

Electrophoresis. Standard Hilger equipment was used. 
The biprism and mask were removed from the camera and 
the cylindrical lens was moved into the conjugate position 
nearer the camera lens, giving approximately a 4-times 
greater schlieren magnification without appreciable loss of 
optical performance. A 10 ml. Hilger U-tube was used in 
most of the work. The usual current at 1° was 10 ma. The 
normal bath temperature was 0-5° maintained by thermo- 
static control of the refrigerator. When required, the bath 
was warmed by means of a 3 kw immersion heater; the 
refrigerator was cut off during the heating period (45 min. 
from 0-5 to 17°) but full stirring was maintained. This rise of 
temperature could be produced without any sign of dis- 
turbance of the boundaries in the U-tube. When the desired 
temperature had been reached (1-1-5° below room temper- 
ature), the bath was again controlled by the refrigerator, 
with stirrers and filter-pump running at maximum speed. 
The bath temperature then became constant within +0-1° 
after the first half hour. Cooling again to 0-5° required 
4-5 hr. Current was not passed while the temperature was 
being changed. 

A preparative ‘flow-through’ cell (Kekwick, Lyttleton, 
Brewer & Dreblow, 1951) was used for electrophoretic 
fractionation at 1°. 

Sedimentation in the ultracentrifuge. Sedimentation at 
ca. 25° was observed in a Svedberg oil-turbine ultracentri- 
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fuge at 900 rev./sec. by the method of Cecil & Ogston (1948), 
using the optical system described by Baldwin (1953). 
Four measurements were performed for us by Dr J. M. 
Creeth (Courtauld Institute of Biochemistry, Middlesex 
Hospital) on a Spinco model E analytical ultracentrifuge, 
two of which were at ca. 5°. 

Solubility. This was measured in dilute salt or buffer, by 
equilibrating freeze-dried solid with solvent. The problem 
of achieving mixing of solid and solvent, while avoiding 
denaturation, was solved, after preliminary experiments, 
as follows: freeze-dried protein was weighed into 5 ml. 
Pyrex test tubes, each containing a 4mm. Pyrex bead, 
tube and bead having been first cleaned in conc. HNO,, 
rinsed in dil. NaOH, thoroughly washed with dist. water and 
oven-dried. Solvent (4-4-5 ml.) was weighed into each tube. 
Each tube was then cautiously evacuated in a desiccator, 
to dislodge and remove air bubbles and to wet the solid. 
Care was taken not to boil the solvent; the loss of weight was 
never greater than 0-25 % of solvent. Each tube was then 
nearly filled with paraffin (B.P.) and a carefully cleaned 
rubber bung, having a 1 mm. hole, was pushed firmly in. 
Displaced paraffin was removed and the hole was finally 
sealed with Chatterton cement. In this way, all air bubbles 
were excluded. 

The tubes were tapped, to mix the contents, and were 
placed in Terry clips on the periphery of a 6 in. diam. wheel 
(axis horizontal) in a water bath at 20+0-1°; the wheel was 
rotated at 120 rev./min. After 24-72 hr., the tubes were 
removed; solid was centrifuged down; the supernatant 
solutions were removed and their concentrations measured 
refractometrically against pure solvent; 24 hr. was suffi- 
cient for equilibration. 

Ultraviolet absorption. This was measured in 1 cm. 
matched quartz cells in a Hilger Uvispek spectrophotometer. 


EXPERIMENTS AND RESULTS 


Electrophoresis at 1° and pH 4-66 
(0-1m Na acetate, 0-088 acetic acid) 


This proved to be the major and central part of this 
work. An acetate buffer pH 4:66, I[=0-1 was 
chosen, because under similar conditions B-lacto- 
globulin had been repeatedly found by previous 
workers to show two components in the descending 
limb. The original intention was to use this method 
to follow fractionation. However, it was noticed 
early in the work that the proportions of the two 
components varied markedly with the concentra- 
tion of protein; this phenomenon seems to have 
escaped notice, though Polis et al. (1950) found that 
the concentration of NaCl affects the proportions of 
components. Fig. 1 shows records of descending 
and ascending boundaries at various concen- 
trations. 

Descending boundaries. These always showed a 
partial resolution of a fast component and a slow 
component, except at the lowest concentration, 
where only the slow component was present. As 
the concentration was increased, fast component 
appeared in increasing proportion up to a limiting 
value reached at 2-3g. total protein/100 ml. 
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(normal samples). At higher concentrations still, 
the slow component boundary tended to appear 
sharper, and at very high concentration the fast 
component boundary tended to become skew. 
Since the two component boundaries were never 
fully resolved, the allocation of areas in the schlieren 
diagrams could be only approximate. In the 
earliest photographs, the boundary areas were 
divided by a vertical line from the minimum between 
the two peaks; in the latest photographs, where 
resolution was most complete, the trailing limb of 
the slow component boundary was reflected about 
its maximum, and the remaining area ascribed to 





Fig. 1. Tracings of the electrophoretic boundaries of f- 
lactoglobulin LG-15 at 1° in 0-1m Na acetate, 0-088 
acetic acid, pH 4-66. Ascending (A) and descending (D) 
boundaries are shown at the following concentrations: 
(1) 9-7; (2) 6-4; (3) 5-1; (4) 3-7; (5) 0-88; (6) 0-45; (7) 0-22 g./ 
100 ml. The directions of migration are shown by arrows. 
The 6 and ¢ boundaries are not included. 

The following are the times (¢) and the schlieren edge 
angles (6): 


Photograph t (min.) ee 
1A 61 85 
1D 180 60 
2A 192 70 
2D 193 70 
3A 183 70 
3D 184 70 
4A 189 60 
4D 190 60 
5A 240 30 
5D 241 30 
6A 243 30 
6D 244 30 
7A 185 30 
7D 187 20 
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the fast component; in intermediate photographs, 
the trailing limb of the slow component boundary 
was reflected about the position of its maximum, 
estimated from its mobility, which was obtained 
from the positions of the maxima in the latest 
photographs. In every case the « boundary was 
subtracted before performing the resolution. These 
methods are illustrated in Table 1 and Fig. 2. The 
values obtained were constant within 2-3% 
throughout a run and showed no trend. Fig. 3 gives 
examples, from a number of experiments, of the 
variation of the estimated amounts of the two 


Table 1. An example of the resolution of the descend- 
ing electrophoretic boundary into fast and slow 
comvponents 
Sample LG-19; 0-93 g./100 ml.; 1°; 0-Im Na acetate, 

0-088m acetic acid, pH 4-66. Analysis performed by the 

method illustrated in Fig. 2. Areas are given in arbitrary 
units. The e-boundary has been subtracted. 


Fast component Slow component 


Time % of % of Combined 
hr. min. Area total Area total area 

> 84 59 58 41 142 

4  @ 82 61 52 39 134 

7 22 77 62 48 38 125 

8 35 83 59 57 41 140 

9 40 82 60 55 40 137 





Fig. 2. Tracings of the descending boundary, at various 
times, in the electrophoresis of f-lactoglobulin in 0-1m 
Na acetate, 0-088 acetic acid, pH 4-66 at 1°, concentra- 
tion 0-93 g./100 ml. The results of the analysis are given in 
Table 1; the method is described in the text. O represents 
the position of the sharp boundary at zero time; the line 
OSS’S” shows the movement of the slow component. In 
the record at 3 hr., the areas were divided by the dotted 
line; in later records, the slow boundary was drawn 
symmetrically about the full vertical lines representing 
the positions of its maximum. 
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components with concentration. In a _ typical 
experiment (0-93 g. protein/100 ml.) the ratio of 
the mobilities of the two maxima was estimated to 
be 2-73:1-7, which agrees closely with the ratio 
found by Jacobsen (1949) in a similar experi- 
ment. 

Ascending boundaries. Only at the lowest con- 
centration (ca. 0-2 g. protein/100 ml.) did these have 
nearly normal form; they then appeared as rather 
sharp and somewhat skew single peaks, migrating 
about 12% faster than the corresponding descend- 
ing (purely slow component) boundaries. This 
difference of mobility may be explained by the 
dilution of an ascending boundary (Longsworth, 
1947). At higher concentration, the faster part of 
the ascending boundary had a very sharp leading 
edge, behind which was a narrow region from which 
light was deflected outside the optical system. 
Behind this region there appeared, at intermediate 
concentration, to be a partial resolution of a slower 
moving boundary but this resolution was absent 
again at the highest concentrations. Up to 4g./ 
100 ml. the leading part of the ascending boundary 
moved slower than the descending fast component 
boundary, but above this concentration it again 
moved faster. As far as could be estimated, the 
slower part of the ascending boundary when present 
always migrated considerably faster than the 
descending slow component boundary; the area of 
this slower part increased with time. 
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Percentage slow component 


Conen. (g./100 mi.) 


Fig. 3. Proportions of the slow component at varying 
concentration (1°, in 0-1m Na acetate, 0-088 m acetic acid, 
pH 4-66). @, Points obtained with nine normal samples; 
@, LG-14 and O, LG-15, showing abnormally high pro- 
portions of slow component (cf. Table 2). 
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Table 2. 
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Proportions of fast and slow electrophoretic components in various preparations of B-lactoglobulin 


All measurements at 1°; 0-1m Na acetate, 0-088mM acetic acid, pH 4-66. Normal values under the same conditions are 


given in brackets beside the abnormal values. 


Conen. Fast component Slow component 
Sample (g-/100 ml.) (%) (%) 
Mean of ‘normal samples’ 1-00 66 34 
LG-15 0-85 47 (55) 53 (45) 
LG-14 1-05 35 (67) 65 (33) 
LG-17 1-15 36 (69) 64 (31) 
LG-9 1-38 37 (75) 63 (25) 
Electrophoretic fractions of normal samples: 
Descending limb fractions 0-75 37 (47) 63 (53) 
1-21 57 (70) 43 (30) 
Ascending limb fractions 1-50 72 (75) 28 (25) 


Variation between samples. Ot the thirteen pre- 
parations made, nine showed closely similar be- 
haviour with regard to the apparent proportions of 
components in the descending boundary; four 
others, however, had relatively larger proportions 
of slow component (Fig. 3; Table 2). Of these, 
sample LG-14 was never crystallized, in spite of 
repeated attempts. That crystallization, in itself, 
does not affect the ratio of components, was shown 
by tests on the normal sample LG-16 before and 
after recrystallization. A mixed solution containing 
equal concentrations of LG-16 and of LG-14 (which 
contained an abnormally high proportion of slow 
component) was also studied, at a total concentra- 
tion of 1g./100ml. The descending boundary 
showed 56% of slow component, compared with 
54% expected from simple mixing. 


Electrophoresis at other values of pH and 1° 


Various single, or small series of, experiments 
were done. 

(a) pH 3-98 (0-1m sodium acetate; 0-43m acetic 
acid). No resolution was obtained at 0-98 g./ 
100 ml. in the descending boundary, though this 
was much more diffuse than the ascending boundary. 
Re-adjustment by dialysis to pH 4-66 gave the 
normal pattern for that pH. 

(6) pH 4-68-5-03. The results are shown in 
Table 3. There seemed to be a steady increase of 
slow component at around 1 g./100 ml., as the iso- 
electric point (5-22) was approached. 

(c) Higher pH. A number of experiments was 
done in the range 5-22-7-29. The results nearly 
always indicated heterogeneity, in agreement with 
Li (1946, 1951). It was, however, found that either 
high field strength (20 ma current) or a long experi- 
ment (9 hr. at 10 ma) were required before resolu- 
tion was apparent. 

(d) Effect of CaCl, at pH 4-66. A sample of f- 
lactoglobulin in 0-05m Na acetate, 0-048m acetic 
acid; 0-017M-CaCl,, J=0-1, pH 4-64 was compared 


Table 3. Proportions of fast and slow electrophoretic 
components in a normal sample of B-lactoglobulin, 
measured at different values of pH in acetate buffers 
at 1° 


The corresponding values at pH 4-66 are given in 
brackets. 


Fast Slow 
Concn. component component 

pH (g-/100 ml.) (%) (%) 
4-68 1-25 69 (70) 31 (30) 
4-82 1-25 52 (70) 48 (30) 
4-99 1-26 39 (70) 61 (30) 
5-03 0-88 17 (58) 83 (42) 
5-03 1-22 13 (70) 87 (30) 


with the same sample, at the same concentration in 
the usual pH 4-66 buffer. The results were in- 
distinguishable. 


Electrophoresis at 8° and at 17° at pH 4-66 


Experiments were made with a normal sample of 
B-lactoglobulin, 0-93 g./100 ml., at pH 4-66. Elec- 
trophoresis could be carried out at about 17° using 
a low current density (3 ma in the 10 ml. U-tube) 
without any sign of convection. No resolution was 
obtained and both ascending and descending 
boundaries were symmetrical, though the ascending 
was somewhat less diffuse. With the same current 
density at 8° marked resolution was obtained in the 
descending boundary, with approximately 70% 
slow component; the proportion of slow component 
at 1° was only 32%. On lowering the temperature 
from 17 to 8°, after electrophoresis at 17°, resolution 
was obtained, with the same proportion of slow 
component (70%) as was obtained when the 
temperature was 8° throughout. 

When resolution was first carried out at 1°, and 
the temperature then raised to 17°, the form of the 
descending boundary remained unchanged; but the 
two parts of the boundary now migrated at the 
same rate, no further resolution being produced. 
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The same equal rates were observed if, after resolu- 
tion at 1°, the current was reversed at 17°. This rate 
was identical with that of the unresolved descending 
boundary observed when the temperature was 17° 
throughout. 


Chemical fractionation 


A preliminary fractionation of a once-recrystal- 
lized sample several times reprecipitated with 
(NH,).SO, was performed by adding solid (NH,),SO, 
to a solution in 0-1M-NaCl (2-75 g. protein/100 ml.) 
at 20° to give 50% saturation. The precipitate was 
removed by centrifuging at 12 000 rev./min.; the 
supernatant was then made 55 % saturated and the 
precipitate removed; and so, by increments of 5% 
up to 70% saturation. Each precipitate was 
dialysed against acetate buffer, pH 4-66, J=0-1, 
and examined by electrophoresis at 1°. The first two 
fractions appeared to be of normal composition (see 
below) having two components migrating to the 
cathode. In the last two fractions, a component 
appeared which migrated to the anode. This anionic 
component (at pH 4-66) was absent from a sample 
which had been 4 times crystallized; its total 
amount was small, and this suggests that it was 
a contaminating whey protein. In subsequent 
experiments, several-times recrystallized material 
was used and the following procedures were 
examined as means of fractionation: 

Ammonium sulphate. B-Lactoglobulin in 45% 
saturated salt was placed in a dialysis sac in an open 
beaker which was filled with 45% sat. salt. Slow 
evaporation was allowed to occur at room temper- 
ature until a part of the protein had precipitated. 

Ethanol. -Lactoglobulin in acetate buffer 
pH 4-66, [=0-1, was precipitated with 15-25% 
ethanol (v/v) at —5°. The precipitates were dis- 
solved in 1m-NaCl and dialysed against water. All 
crystallized within 24 hr. 

Crystallization. When the oil, first obtained on 
dialysis, begins to crystallize, large crystals also 
appear almost at once in the supernatant. A sample, 
previously recrystallized 3 times, was dissolved in 
0-1m-NaCl and dialysed against water; as soon as 
crystals appeared, the supernatant was rapidly 
withdrawn into another tube; after 1 min. crystals 
had formed; on again decanting the supernatant 
into a third tube, a further crop was obtained. The 
uncrystallized part of the oil was also separated 
from its crystals, and allowed to crystallize in 
another tube. 

Leaching. A large excess of crystals were stood 
for 24 hr. periods with successive portions of acetate 
buffer, pH 5-13, 7=0-01. 

Urea. An attempt was made to bring about a 
differential denaturation as described by Jacobsen 
& Christensen (1948). A solution (10 ml.) containing 
4m urea, 0-1M «-picoline, 0-015mM-HCl (pH 7-0) was 
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mixed at 30° with 0-217 g. freeze-dried protein. 
After 5 min. half the solution was withdrawn and 
added to 10 vol. of a solution containing 0-8m 
acetic acid, 0-4m Na acetate, 0-5m-MgSO, to pre- 
cipitate denatured material; 79 % of the protein in 
this portion remained soluble. The remaining half 
of the solution was treated in the same way after 
8 hr. at 30°; 46% of the protein in this portion 
remained soluble. 

All fractions obtained by these procedures were 
examined by electrophoresis, at pH 4-66, J=0-1, 1°, 
but no differences from the parent material were 
found. 

Electrophoretic fractionation 


Before attempting to fractionate B-lactoglobulin 
in the preparative cell, a test was made with a 
mixture of bovine serum albumin (Armour Labora- 
tories) and £-lactoglobulin in acetate buffer pH 4-99, 
I=0-1, 2g. of each/100 ml.; the products on sub- 
sequent electrophoretic analysis were as follows: 
cathode fraction, serum albumin 7%, §-lacto- 
globulin 93 %; anode fraction, serum albumin 92 %, 
B-lactoglobulin 8 %. Two fractionation experiments 
were then performed, using a normal sample of 
B-lactoglobulin 2g./100 ml. in pH 4-66 acetate 
buffer. Slow material was isolated from the de- 
scending boundary, and material was also isolated 
from the region of the ascending boundary. The 
isolated solutions were then analysed electrophoreti- 
cally. The results are given in Table 2, together with 
the proportions of components at the same concen- 
tration expected if no fractionation had taken place. 
It is clear that slow material has been concentrated 
in the slow descending boundary, but that no 
corresponding concentration of fast material has 
occurred in the ascending boundary. 


Sedimentation 


Sedimentation at 25°. This was observed between 
0-22 and 6-32 g./100 ml. in pH 4-66 acetate buffer 
I=0-1. The sedimentation coefficients (Table 4), 
corrected to water at 20°, agreed well with those of 
Cecil & Ogston (1948) measured in 0-1m-NaCl, 
0-1m Na acetate, 0-04M acetic acid, of pH 5-01 on 
the scale used in this paper. The boundary appeared 
in all cases to be symmetrical. In two cases (2°37 


Table 4. Sedimentation coefficients measured in the 
Svedberg ultracentrifuge at ca. 25° in 0-1mM Na 
acetate, 0-088 M acetic acid, pH 4-66 


Conen. 

(g./100 ml.) 10" x Soo, w 
0-22 2-81 
0-45 2-78 
0-86 2-80 
2-37 2-73 
6-23 2-54 
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and 0-88 g./100 ml.), symmetry was tested by com- 
paring the areas of the boundary curves of each side 
of the maximum; these agreed within the error of 
measurement (S.D.+4%). 

Sedimentation at 5°. Two solutions in pH 4-66 
acetate buffer, 2-48 and 0-66 g./100 ml., were run in 
the Spinco ultracentrifuge at the Courtauld Insti- 
tute, Middlesex Hospital, by Dr J. M. Creeth. Each 
solution was run at near 22° and at near 5°. At the 
higher temperature the boundary appeared sym- 
metrical and the sedimentation coefficients agreed 
closely with the oil-turbine values. At the lower 
temperature, there was an obvious partial resolution 
of the higher concentration; at the lower concentra- 
tion, the boundary showed a marked broadening 
and asymmetry consistent with partial resolution of 
a faster component (Fig. 4). At both concentrations, 





Fig. 4. Tracings of sedimentation boundaries observed in 
the Spinco ultracentrifuge, in 0-1m Na acetate, 0-088M 
acetic acid. Direction of sedimentation, left to right. 
Each pair of tracings, A and B, are taken at approxi- 
mately corresponding points in the two runs concerned. 
In each case, the upper tracing is at the higher, the lower 
tracing at the lower temperature. Concentration in 
A 0-66, in B 2-48 g./100 ml. Resolution of the boundaries 
has been performed as described in the text; the pro- 
portions of components are given in Table 5. 
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the lower sedimentation coefficient, estimated 
directly from the record, was near to 3 x 10-48. The 
areas due to the two components were approxi- 
mately estimated. Because of the rather wide bar 
used in this optical system, the shapes of the upper 
and lower edges differ markedly: the centre of the 
trace, in the ordinate direction, was taken as 
measuring the gradient of refractive index. It was 
assumed that the slower component had the same 
Soo as was obtained with the same solution at 22°, 
and the positions of the centre of its boundary were 
calculated from this. The boundary curve of the 
slower component was drawn in symmetrically 
about these positions, and the remaining area 
ascribed to the fast component. As only a few 
photographs in each run was suitable for analysis in 
this way, the sedimentation coefficient of the faster 
component was estimated as follows: log x (x= 
distance from the centre of rotation) was plotted 
against time ¢ (from an arbitrary zero) for the slow 
component, and the straight line obtained was 
extrapolated back to the meniscus. Through this 
point (log X, ty), a straight line was drawn through 
the log x, ¢ values for the faster component; the 
slope of this line is 2-303 w?S (w= angular velocity). 
The results are given in Table 5. 


Solubility 


Preliminary measurements in 0-01M-NaCl gave 
high solubility values compared with those obtained 
by other authors. Since the protein had not been 
electrodialysed, it was suspected that this might be 
due to its not being strictly isoelectric: Grénwall 
(1942) showed that the solubility varies rapidly with 
pH. Subsequent measurements were therefore 
made in 0-0lm Na acetate, 0-003™m acetic acid, 
I=0-01, pH (glass electrode)=5-25 at 20°. A 
complete solubility curve was measured for a normal 
lactoglobulin (LG-18 A); saturation was reached at 
0-4 g./100 ml.; the curve (Fig. 5) was carried up to 
2-2 g./100 ml. representing 3-5-fold excess. A few 
measurements were also made on LG-17, which had 
an abnormally high proportion of slow material 
(see Table 2); values were measured from 24 to 


Table 5. Sedimentation coefficients, and proportions of components, measured in the Spinco ultracentrifuge, 
in 0-1M Na acetate, 0-088™M acetic acid, pH 4-66 


The temperature range during the run is given in brackets. 


10% x Soo,» Percentage of total 
Mean cell Lorene 
Conen. temperature Fast Slow Fast Slow 
(g./100 ml.) (°) component component component component 

0-66 21-5 (21-4-21-6) —_ 2-76 0 100 
0-66 4-92 (3-22-6-62) 3-92 2-76* 39 61 
2-48 22-4 (22-3-22-5) 2-79 0 100 
2-48 4-68 (3-37-6-0) 4-57 2-79* 61 39 


* Value assumed equal to that in the corresponding run at the higher temperature; see text. 
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72 hr. and showed that equilibrium was attained in 
24 hr. The marked difference of solubility of the two 
samples agrees with the findings of previous 
workers, particularly with Polis e¢ al. (1950), who 
found their isolated slow material more than twice 
as soluble (in water) as the parent material. 


Ultraviolet absorption 


The absorption spectra of a £-lactoglobulin 
sample of normal composition, and one with an 
abnormally large content of slow component 
(LG-14: see Table 2) were compared both at 
pH 4-66 and in 0-1mM-NaOH, between 250 and 
350 mp. Only very slight differences in the shapes 
of the absorption curves were observed, indicating 
(Beavan, Holiday & Jope, 1950) that the tyrosine/ 
tryptophan ratio was closely similar in both samples. 
LG-14 appeared to have a specific extinction co- 
efficient about 15% less than that of LG-19, but 
this difference might have been due to errors of the 
refractometric measurement of the rather low con- 
centrations used (ca. 0-05 g./100 nal.). 


DISCUSSION 


Our experiments confirm those already quoted in 
showing that crystalline B-lactoglobulin consists of 
more than a single component. The presence of 
more than one electrophoretic component has been 
confirmed. The proportions of these components are 
different in some samples from those usually found. 
The proportions of components can be changed by 
electrophoretic fractionation. The constant-solvent 
solubility curve gives clear evidence of hetero- 
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Protein in solution (g./100 ml.) 
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0 1 
Total protein (g./100 ml.) 


Fig. 5. Solubility curve for a normal sample of £-lacto- 
globulin in 0-01 Na acetate, 0-003 acetic acid, pH 5-25 
at 20°. The point at which saturation is first reached is 
shown @. O isa value obtained with a sample containing 
an abnormally high proportion of slow component 
(LG-17; ef. Table 2). 
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geneity, when measured under conditions of small 
solid excess. 

Smithies’s (1954) solubility measurements are the 
only ones so far to give quantitative information 
about this heterogeneity. They indicate the 
presence, in crystalline samples, of two major com- 
ponents in proportions 1:4, with the possibility of 
a third minor component. These proportions agree 
strikingly, at first sight, with our finding that the 
slow and fast components in electrophoresis occur 
in proportions of 1:4, when they are observed in the 
descending limb at 1°, pH 4-66 and at protein con- 
centration 2 g./100 ml. and above. However, this 
apparent correspondence requires careful examina- 
tion. First, Svensson (1946) and Hoch-Ligeti & 
Hoch (1948) have shown that, through purely 
physical causes operating across migrating bound- 
aries, the areas in the boundary diagrams may not 
correctly represent the amounts of migrating com- 
ponents; calculation, by their methods and using 
quantities proper to the present case, has shown that 
the error at 2g./100 ml. will not exceed a few 
per cent of the quantities estimated. Secondly, the 
apparent proportions of electrophoretic components 
are strongly dependent on the concentration of 
protein, the temperature and on the ionic composi- 
tion and pH. Under the conditions which we have 
investigated most fully, a dilution of the protein 
down to 0-2 g./100 ml. caused a progressive dis- 
appearance of the fast component, raising the 
temperature to 8° caused a partial, and to 17° a 
complete, disappearance of the fast component; in 
each case a corresponding increase of the amount of 
the slow component took place. These changes were 
fully reversible. 

It does not seem that this behaviour can be 
explained by any form of boundary anomaly. 
Therefore one must conclude that the fast com- 
ponent is actually formed from slowly migrating 
material. Since the amount of fast material 
appears to reach a limiting value of about 80% of 
the whole, the original material must contain 20% 
of a substance which cannot, and 80 % of a substance 
which can form the fast component. At sufficiently 
low concentration or sufficiently high temperature, 
these two substances migrate identically, at the 
slow rate. Under constant conditions of solvent and 
temperature, the proportion of the fast component 
depends solely on the concentration of protein, 
increasing to a limit as this increases; this indicates 
that the fast component is formed by an association 
process. This is most probably a protein—protein 
association, such as 


nA = (A)... 
If A constitutes 80% of the material, then 


this will be the limiting proportion of fast com- 
ponent. 
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The few sedimentation measurements made show 
the presence of faster sedimenting material at 5°, 
the proportion of this corresponding approximately 
with that of the faster electrophoretic component 
under the same conditions. The rate at which this 
sediments is consistent with its being a dimer, the 
value of the sedimentation coefficient expected for a 
dimer, without change of the frictional ratio, being 
4-45 x 10-48 (compare Table 5). Dimerization does 
not, in itself, explain the change of electrophoretic 
mobility, as it does that of sedimentation co- 
efficient. There is, however, no reason why dimeriza- 
tion should not affect ionizing groups in such a way 
as to cause an increase of mobility; or perhaps 
affect the binding of other ions by the protein so as 
to change its mobility. 

The general character of the electrophoretic 
boundaries is in agreement with the hypothesis of 
reversible, concentration dependent, association. 
In the descending limb, ahead of the faster boundary 
the faster (associated) material is migrating in a 
constant, equilibrium, concentration of its dissoci- 
ated form; its amount therefore remains constant 
with time. Within the region of the faster boundary, 
the concentration of the faster, and to a less extent 
that of the slower, material is changing. This 
variation does not appear to disturb the equilibrium 
sufficiently to make the area of the faster boundary 
change noticeably with time, but it explains why 
complete resolution of the two boundaries is not 
obtained, even on prolonged migration. In the 
ascending limb, the associated material is migrating 
out into buffer; this will cause iv to dissociate and to 
revert at once to the slowly migrating monomer, 
and this explains the sharp advancing front in the 
ascending limb, the intermediate value of its 
mobility and the failure of resolution. 

The effect of higher temperature could be inter- 
preted in one or both of two ways, applicable 
equally to electrophoresis and to sedimentation: 
(i) The association constant may be strongly 
temperature dependent, so that little association 
occurs at near 20° at a concentration at which 
association is nearly complete at 1°; (ii) the associa- 
tion and dissociation processes may become rapid 
compared with the rate of resolution. The fact that 
at 7° resolution is obtained by electrophoresis and 
sedimentation, but with a smaller proportion of fast 
component, favours the first of these. 

Osmotic pressure measurements provide the only 
evidence which is possibly inconsistent with the 
occurrence of association. Measurements at 25° 
(Johnston & Ogston, 1946; Christensen, 1952; 
Smithies, 1953) and at 0° (Gutfreund, 1945) have 
agreed in giving values for the molecular weight 
between 37000 and 40000. While these values are 
higher than the accepted value near 35 000 ob- 
tained by various methods (Cecil & Ogston, 1949; 


A. G. OGSTON AND J. M. A. TILLEY 





1955 


Heller & Klevens, 1946; Halwer e¢ al. 1951; 
McMeekin & Warner, 1942; Senti & Warner, 1948; 
Riley, 1951; Bull & Currie, 1946), there isno marked 
difference between those at 25° and those at 0° such 
as would be expected if association were occurring 
at the lower temperature. However, the measure- 
ments at 0° were made near the isoelectric point, 
and in NaCl solution, both of which conditions 
minimize association. 


SUMMARY 


1. Measurements have been made of the electro- 
phoretic migration of B-lactoglobulin under various 
conditions of concentration, pH and temperature. 
Evidence is obtained of the presence of two very 
similar chemical species, in proportions which may 
vary from one sample to another, and which can be 
separated only with great difficulty. 

2. One of these species associates reversibly to 
form a complex which migrates and sediments more 
rapidly than the simple material. Sedimentation 
suggests that this is a dimer. This association is 
strongly dependent on temperature and pH. 

3. Solubility measurements confirm the hetero- 
geneity of B-lactoglobulin. 

4. The form of migration boundaries is discussed 
in the light of this conclusion. 

5. Previous data on the osmotic pressure of B- 
lactoglobulin are discussed. 


We are grateful to the Agricultural Research Council for 
a studentship (to J.M.A.T.) and for a research grant; to 
Dr J. M. Creeth for performing sedimentation measure- 
ments in a Spinco ultracentrifuge; and to Dr R. Cecil for 
collaboration in the preparation of B-lactoglobulin. 
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Recently Green, Ingram & Perutz (1954) crystallized 
derivatives of horse haemoglobin in which two 
sulphydryl groups were combined either with p- 
mercuribenzoaie groups or with silver ions. The 
crystals obtained from these mercaptide compounds 
proved to be isomorphous with free oxyhaemo- 
globin, but they showed significant changes in the 
X-ray diffraction pattern from which the phases of 
the diffracted rays could be deduced. Further 
development of this method required a more 
detailed knowledge of the number and the reactivity 
of the SH groups in various haemoglobins than was 
available in the literature; for this purpose the 
present study was undertaken. 

The presence of sulphydryl groups in horse globin 
was first demonstrated by Anson & Mirsky (1931). 
The same authors later titrated horse haemoglobin 
with potassium ferricyanide and found no reactive 
SH groups at pH 6-8, whereas raising the pH to 
9-5 led to the oxidation of 1-3 SH groups per four 
iron atoms. The maximum number of reactive 
groups was found in denatured horse globin in 
guanidine hydrochloride solution and amounted to 
two SH for four iron atoms (Mirsky & Anson, 1936). 
Greenstein (1939), using the porphyrindin titration, 
concluded that there are three sulphydryl groups 
per four iron atoms in horse globin. No further work 
on horse haemoglobin seems to have been reported. 


According to Hughes (1950) a molecule of human 
haemoglobin at pH 7-5 reacts with 2 molecules of 
methylmercury iodide. Ingbar & Kass (1951) 
titrated human haemoglobin amperometrically 
with silver nitrate in ammoniacal 0-85% sodium 
chloride. They found two SH groups per molecule 
which increased to 4-5 with the addition of 20% 
methanol. By a similar method Benesch (1950) 
found four thiol groups in dog haemoglobin. 

The proteins studied in the present experiments 
included the adult haemoglobins of horse, man, ox 
and sheep. The number of available SH groups was 
determined by measuring the number of silver 
atoms per molecule bound as Ag-S-protein. For 
this the amperometric titration method with silver 
nitrate was used (Benesch & Benesch, 1948; 
Ingbar & Kass, 1951). Silver nitrate is added to the 
protein in weakly ammoniacal solution until 
unbound silver ammine ions are present; the end 
point is detected by the appearance of the diffusion 
current of these ions to a rotating platinum elec- 
trode. The binding of mercuric chloride by the 
haemoglobins was studied with a similar method 
(Kolthoff, Stricks & Morren, 1954). 

The reactivity of the SH groups was investigated 
by allowing them to react with known molecular 
proportions of such mercury derivatives as mer- 
curie chloride, sodium p-chloromercuribenzoate or 
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methylmercury nitrate or with N-ethylmaleimide 
(Friedmann, Marrian & Simon-Reuss, 1949; Marrian, 
1949). Some or all of the sulphydryl groups would 
then be blocked to the reaction with silver nitrate ; 
investigation of the stoicheiometry of these blocking 
reactions gave results which allowed certain ten- 
tative conclusions to be reached about the spatial 
dispositions and availabilities of the SH groups. 


MATERIALS AND METHODS 


Horse oxyhaemoglobin. Fresh horse blood was defibrinated 
by shaking with glass beads. The red cells were then sedi- 
mented by centrifuging at a low speed and washed 4 times, 
sedimenting each time from 4 vol. 0-9% NaCl. The packed 
cells were lysed by freezing and thawing and the cell debris 
was removed ina high-speed centrifuge. Addition of an equal 
volume of 4m phosphate buffer (K,HPO, : NaH,PO, =2:1) 
caused most of the oxyhaemoglobin to crystallize. A 
solution of the moist filter cake in water (2 vol.) was ob- 
tained by the cautious addition of 2nN-NaOH, and from this 
the protein was crystallized by adding the above phosphate 
buffer. The preparation remained unchanged when stored 
as a moist cake of crystals in the refrigerator. Before use 
portions were dissolved in a small volume of water and 
dialysed for 1 or 2 days at 3° against water or 0-:9% NaCl. 
Usually no denatured material was visible and additional 
SH groups were liberated only when dialysis lasted for 
longer than a week. 

Human oxyhaemoglobin. The red cells from fresh human 
blood, defibrinated as above, were washed in a similar 
manner. Addition of an equal volume of water caused them 
to lyse; the NaCl concentration was raised to 1% and the 
cell ghosts were removed by centrifuging at 10000 rev./min. 
for 20min. Before use samples of this solution were 
dialysed in the cold against 0-9% NaCl. 

Ox and sheep oxyhaemoglobins. Fresh blood was treated as 
described for horse oxyhaemoglobin. In some cases clotting 
was prevented by the addition of sodium citrate, and the 
step of shaking the blood with glass beads could then be 
omitted. These haemoglobins were not recrystallized, but 
samples were dialysed in the usual way before use. 

Reagents. The p-chloromercuribenzoic acid (PCMB) used 
had been prepared by Mr B. R. Slater in the Department of 
Biochemistry, Cambridge University; another sample was 
obtained from the Sigma Chemical Corporation Chicago, 
U.S.A. A solution of the acid in an excess of 0-1N-NaOH 
was diluted to give an approx. 1 mm solution. To prepare 
methylmercury nitrate, the iodide was converted into a 
solution of the hydroxide by shaking an aqueous suspension 
with fresh silver oxide in the cold. The supernatant was 
neutralized with dil. HNO, and diluted to give a 1 mm 
solution. All other reagents and buffer solutions were made 
with A.R. chemicals and glass-distilled water was used 
throughout. 

Amperometric titrations. The apparatus and technique 
were very similar to those used by Kolthoff & Harris 
(1946), Benesch & Benesch (1948), Ingbar & Kass (1951) 
and Kolthoff et al. (1954) ; the diffusion current to the rotating 
platinum electrode was measured with a Pye Scalamp 
galvanometer, cat. no. 7904/S. Unless otherwise stated, 
aqueous 0-05m-NH,NO, and the indicated concentration of 
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NH, formed the background electrolyte for both the AgNO, 
and the HgCl, titrations. The volume of solution in the 
titration vessel was 30 ml. and this contained 1-5 pequiv. of 
sulphydryl groups. Initially AgNO, and HgCl, were used as 
1 mm solutions, but it was soon found more convenient to 
add them from microburettes as 20 and 5-5 mm solutions, 
respectively. Of the two reagents, HgCl, gave very much 
sharper end points, indicating the higher affinity of this 
reagent for SH groups. 

Where reagents were added to block SH groups, the 
reaction was allowed to proceed for a few min. before 
titration. It was found that AgNO, titration could be used 
to investigate these blocking reactions, since silver has a 
lower affinity for the SH zroups in haemoglobin than the 
three mercury derivatives. Thus the number of SH groups 
which remain available after blocking, can be determined 
directly in this way. On the other hand, titration with 
HgCl, of the blocked protein does not give useful informa- 
tion, because PCMB and probably methylmercury, though 
not of course HgCl,, are completely displaced from their 
sites by HgCl, during titration with this substance. 

Denaturation experiments. Sodium dodecyl sulphate 
(SDS) was used exclusively, because earlier experiments 
using methanol and ethanol to denature the protein had 
given erratic titration values. The commercial product 
(L. Light and Co., Colnbrook, Bucks) was recrystallized 
twice from absolute ethanol and washed thoroughly with 
light petroleum. The indicated amount of SDS was added 
shortly before the titration, giving a clear solution which 
showed the colour change characteristic of denaturation. 
The reaction appeared to be complete almost immediately 
after addition of the reagent. In the presence of SDS the 
end point of the silver titration became less sharp, but 
reproducibility remained good. The Ag:SH ratio of 1:1 
obtained in the titration of reduced glutathione in 0-10m- 
NH, was not affected by the presence of SDS. No decrease 
in sharpness was observed in titrations with HgCl,. 

When the SH groups were partially or completely blocked 
before titration, such blocking usually preceded denatura- 
tion; occasionally this order was reversed with no difference 
in the results. 


RESULTS 


Horse haemoglobin. Both silver and mercury are 
firmly bound by horse oxyhaemoglobin. The 
titration of the native and the denatured protem 
with AgNO, and HgCl, gave results which are 
summarized in Table 1. They fall into two parts: 
titration results with the native haemoglobin in 
0:03mM-NH, and with the denatured protein in 
0-10mM-NH,. These ammonia concentrations gave 
the most satisfactory plots for the AgNO, titration, 
as with higher concentrations the end points were 
less distinct and with lower ones the amount of 
silver used was sensitive to chloride ions and other 
interfering substances. The number of silver atoms 
bound per four iron atoms shown in Table 1 indi- 
cates the total number of SH groups in the protein 
or the number left available after previous reaction 
with mercury derivatives. The former is seen to be 
four in the native and six in the denatured protein. 
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The results show that it is possible to block the 
sulphydryl groups completely to AgNO, both in the 
native and the denatured proteins. In the native 
protein each equivalent of mercury compound can 
block two SH groups and similarly the titration 
with HgCl, reaches the end point after only two 
molecules have been bound by the four sulphydryl 


Table 1. Sulphydryl groups of horse oxyhaemoglobin 


Blocking agent Titration results 


added before’ - 


NH, titration AgNO, bound HgCl, bound 
concen. (Hg atoms (Ag atoms (Hg atoms 
(m) per 4 Fe) per 4 Fe) per 4 Fe) 
0-03 — 4-0 2-0* 
0-03 1-0 HgCl, 20 — 
0-03 2-0 HgCl, 0 — 
0-03 1-0 PCMB 1-9 — 
0-03 2-0 PCMB 0 —— 
0-03 1-0 CH,HgNO, (1-9)F _— 


After denaturation with sodium dodecylsulphate 
(200 molecules per 4 Fe) 


0-10 ~ 6-0 41 
0-10 2-0 HgCl, 0-1 2-1 
0-10 4-0 PCMB 0 a 
0-10 1-0 PCMB 4-0 a 
0-10 1-0 PCMBt 3-9 Sn 


* In either 0-10M-NH, or in 0-5m-KCl-phosphate buffer 
pH 7-42 (Kolthoff e¢ al. 1954). 

+ Titration shows two end points (see text). 

{ Added after denaturation. 


Residual available SH groups/mole 
Residual available SH groups/mole 





Moles of Hg compound/mole 
of haemoglobin 


(a) 
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groups. After reaction with one equivalent of 
methylmercury nitrate the native protein showed 
two end points during AgNO, titration, the first at 
approximately two atoms of silver and a second 
when four silver atoms had been taken up. This can 
be explained by assuming that the methylmercury 
group has combined with the protein and has 
blocked two SH groups, leaving the other two freely 
available; these then account for the first end point. 
On raising the concentration of silver ions further 
these can displace the methylmercury group; two 
more atoms of silver are thereby used up giving a 
final end point to the titration of 4 Ag:4 Fe. The 
SH groups of horse haemoglobin which were left 
after reaction with PCMB or methylmercury were 
not titrated with HgCl,, since this reagent will 
completely displace such blocking compounds; 
hence the results of the titrations would have been 
the same as for the untreated protein. 

The six SH groups in the denatured haemoglobin 
can be blocked progressively to titration with 
AgNO, by either PCMB or HgCl, as is shown in 
Fig. la. However, HgCl, appears to be the more 
efficient, since nearly all six SH groups are masked 
after the addition of only two molecules of HgCl,, 
whereas four molecules of PCMB are required to 
produce the same effect. 

It is interesting to note that on denaturation with 
SDS the number of SH groups detectable by AgNO, 





5 
Moles of Hg compound/mole of haemoglobin 


() 


Fig. 1. Progressive blocking of SH groups of SDS-denatured haemoglobin with HgCl, and PCMB. a, Horse haemoglobin; 


b, human haemoglobin. 


x— x, HgCl, as blocking agent; O—O, PCMB as blocking agent. 
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titration increases from four to six whereas the 
number of HgCl, equivalents goes up from two to 
four and not, as might have been expected, from 
two to three. The significance of these findings will be 
discussed in a later section. 

The reaction of the sulphydryl groups of native 
horse oxyhaemoglobin with PCMB was also in- 
vestigated by the method of Boyer & Segal (1954). 
Various amounts of PCMB were added to a 0-02 mm 
haemoglobin solution in 0-1mM phosphate buffer at 
pH 7-33 and allowed to react at room temperature 
for 90 min. The optical density at 250 mu. increases 
as the result of combination of PCMB with SH 
groups. A plot of this increase against the molecular 
proportions of PCMB per haemoglobin molecule 
is shown in Fig. 2. The break in the plot near 
PCMB: Fe = 2:4 indicates that two molecules of the 
mercurial combine with each native haemoglobin 
molecule. This agrees with the results obtained by 
the AgNO, titration method (Table 1). 

It may be concluded that native horse haemo- 
globin has four SH groups available to AgNO,, but 
binds only two HgCl, , two PCMB and, probably, two 


oO 
° 
0-05 
a 
oO 
L 
a 
oO 
0 oops 
1 2 3 4 
Moles of PCMB/mole of haemoglobin 
Fig. 2. Reaction between PCMB and native horse oxy- 


haemoglobin. O.D.=optical density. 


Table 2. Sulphydryl groups of ox oxyhaemoglobin 


Titration results 


eee 


Blocking agent 
added before ees 
HgCl, bound 


NH, titration AgNO, bound 

concn. (Hg atoms (Ag atoms (Hg atoms 
(M) per 4 Fe) per 4 Fe) per 4 Fe) 
0-03 — 4-0 2-0* 
0-03 1-0 HgCl, 1-9 = 
0-03 2-0 HgCl, 0 = 
0-03 1-0 PCMB 2-0 — 
0-03 1-0 CH,HgNO, 2-0 = 


After denaturation with sodium dodecylsulphate 
(400 molecules per 4 Fe) 


0-10 — 3-8 2-2 


* In either 0-10M-NH, or in 0-5m-KCl-phosphate buffer 


pH 7-42 (Kolthoff et al. 1954). 
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methylmercury nitrate molecules. After reaction 
with these proportions of the mercury compounds 
no SH groups can be detected by the silver titration. 
SDS-denatured horse haemoglobin has six SH 
groups, which can be completely blocked to combi- 
nation with AgNO, by either two HgCl, or four 
PCMB. It will combine with four HgCl, during the 
titration with this reagent. The significance of these 
findings is discussed in a later section. 

Ox haemoglobin. The titration results presented in 
Table 2 show the great similarity in the behaviour 
of the SH groups of the haemoglobin of ox and 
horse. They do differ, however, in their affinity to 
methylmercury, since silver does not displace this 
reagent from its combination with the sulphydryl 
groups of ox haemoglobin. Again it appears that 
one molecule of each of the three mercury com- 
pounds is capable of blocking two SH groups in the 
native protein. 

A detailed study of the thiol groups of SDS 
denatured ox haemoglobin was not carried out, but 
it is clear that in contrast to horse haemoglobin no 
additional SH groups are liberated by SDS. 

Human haemoglobin. Native human haemo- 
globin shows a strong similarity to the horse and ox 
proteins (‘Table 3). As stated below, the number of 
SH groups found by AgNO, titration varies with the 
concentration of ammonia and with the ionic 
strength. This made it difficult, at first, to get 
reproducible values. 

Human haemoglobin, denatured with SDS, has 
eight SH groups and binds six HgCl, and not four as 
might have been expected (Table 3, Fig. 1b). This 
finding, as with horse haemoglobin, was surprising 
since in both cases the native protein binds twice as 
many silver atoms as mercury. All the eight groups 


Table 3. Sulphydryl groups of 
human oxyhaemoglobin 
All titrations in 0-10M-NH3. 


Blocking agent 


Titration results 
added before nes 





AgNO, bound HgCl, bound 


titration 
(Hg atoms (Ag atoms (Hg atoms 
per 4 Fe) per 4 Fe) per 4 Fe) 
— 3-9 2-2* 
2-0 HgCl, OF -- 
1-0 PCMB 1-9 — 
2-0 PCMB 0 == 


After denaturation with sodium dodecylsulphate 
(400 molecules per 4 Fe) 


— 8-3 6-0 
4-0 HgCl, 0 vis 
4-0 HgCl,t 0 feta 
6-0 PCMB 0 a 


* Same value in 0-5m-KCl-phosphate buffer pH 7-42 
(Kolthoff e¢ al. 1954). ; 

+ In 0-03mM-NH,. 

{ Added after denaturation. 
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can be blocked in an understandable manner, as in 
horse, with HgCl, or PCMB. Again the former is a 
more efficient blocking agent, and two more mole- 
cules of PCMB are necessary to cover all the sul- 
phydry] groups. 

Sheep haemoglobin. Native sheep haemoglobin 
differs from the other three species by taking up 
twice as many equivalents of silver and mercury 
(Table 4). Here, as in human haemoglobin, it was 
necessary to control the ammonia concentration and 
the ionic strength of the medium to obtain re- 
producible results. Again the mercury derivatives 
block two SH groups each and the compound with 
methylmercury is stable. 

Titration with AgNO, in the presence of SDS 
proved impossible as the end points were not 
reproducible. The mercuric chloride titration was 
unaffected and showed that no new SH groups were 
made available by SDS. 

Effect of ammonia concentration and ionic strength. 
When the ammonia concentration of the titrating 
medium was increased from 0-03 to 0-25M, it was 
found that the number of atoms of silver bound 
decreased in human and sheep haemoglobin 
(Table 5), but there was no definite effect on the 
horse and ox proteins. In all cases the sharpness of 
the end point was impaired. Titrations with HgCl, 


Table 4. Sulphydryl groups in sheep oxyhaemoglobin 


Unless otherwise indicated all titrations were carried out 
in 0-03 M-NH3. 


Blocking agent 


Titration results 
added before . 





HgCl, bound 


titration AgNO, bound 

(Hg atoms (Ag atoms (Hg atoms 
per 4 Fe) per 4 Fe) per 4 Fe) 

— 8-0* 4-1t 

2-2 HgCl, 3-7 — 

4-3 HgCl, 0 = 

2-1 PCMB 3-7 — 

4-2 PCMB 0 — 

2-0 CH,HgNO, 4-2 _- 


After denaturation with sodium dodecylsulphate 
(200 molecules per 4 Fe) 
— — 3-98 
* Mean of seven close determinations, 
+ Mean of five close determinations. 


{ Titration unreliable. 
§ In 0-10M-NH,. 


Table 5. Number of sulphydryl groups found by 
titration with AgNO, at different NH, concentrations 


NH, concentration (mM) 


ciagoentaaasteleanaipcesit te 





Haemoglobin 0-03 0-10 0-25 
Horse 4-1 4-0 4-2 
Ox 4-0 3-7 3-9 
Human 3-9 3-4 3-3 
Sheep 79 7-6 6-6 
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were not affected. The ammonia concentration 
chosen for most of the AgNO, titrations was either 
0-03 or 0-10M. These are lower than those used by 
Benesch & Benesch (1948) or Ingbar & Kass (1951). 
Nevertheless they are high enough to prevent 
interference by chloride and bromide and also 
probably high enough to counteract binding by 
sites in the protein molecule other than the SH 
groups. Under these conditions no silver at all was 
bound by samples of ribonuclease, chymotrypsino- 
gen, insulin or by the myoglobins of horse, sperm 
whale and elephant seal. Reduced glutathione gave 
the theoretical Ag: SH ratio of 1:1in 0-03mM-NH,. Of 
the proteins, ribonuclease and elephant-seal myo- 
globin were also titrated with HgCl,, but again 
there was no uptake of the metal. 

Since the results obtained with native horse and 
ox haemoglobin are unaffected by increasing the 
ammonia concentration to 0-25M, where binding is 
generally assumed to be specifically by SH groups, 
the results with the lower ammonia concentrations 
must also be valid. A number of blocking experi- 
ments have also been carried out in 0-25mM-NH, and 
the results were the same as with lower concentra- 
tions. If the concentration of ammonia is reduced 
below 0-03m (0-10M in the presence of SDS) then 
non-specific binding of silver does occur, variable 
but high values are obtained, and the protein soon 
precipitates if SDS is not present. Although the end 
point improves as the NH, concentration is lowered, 
there is a limit below which one must not go. 

As there is an ammonia effect in human and sheep 
haemoglobins, one cannot be quite so certain of the 
results obtained with NH, concentrations below 
0-25m. However, the analogy with horse and ox is 
strong, and the figures reported are reproducible 
and are whole numbers. In human haemoglobin 
they also agree with the known symmetry of the 
molecule. The preferred assumption is that in 
0-25mM-NH, some of the —S—Ag groups begin to 
dissociate as they also seem to do at higher ionic 
strengths. 

In human and sheep haemoglobins it was 
observed that increasing the ionic strength by the 
addition of NaCl or NH,NO, decreased markedly 
the number of SH groups found by the AgNO, 
titration, but it was not possible to obtain re- 
producible results. No such effect could be demon- 
strated for the HgCl, titration of these proteins, nor 
was it found with horse and ox haemoglobins. 

Reaction of haemoglobins with N-ethylmaleimide. 
It has been shown (Friedmann et al. 1949; Marrian, 
1949) that N-ethylmaleimide (NEMI) combines 
readily with the SH groups of such compounds as 
mercaptoacetic acid and glutathione. Tsao & 
Bailey (1953) have used this reagent to block 
stoicheiometrically all the sulphydryl groups of 
actin and myosin which had been denatured with 
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guanidine hydrochloride. These authors have also 
reported that NEMI reacted with only 40% of the 
SH groups in native myosin. 

NEMI will react with the thiol groups of native 
horse and ox haemoglobin, but not stoicheio- 
metrically. At a neutral pH and room temperature 
two moles of the reagent blocked only 1-5 out of the 
four SH groups present in horse haemoglobin. In 
the case of ox haemoglobin four moles of NEMI 
combined with two of the four available thiol 


groups (Fig. 3). 


4 


Residual available SH groups/mole 


1 2 3 4 
Moles of NEMI/mole of haemoglobin 


Fig. 3. Blocking of the SH groups of native ox haemo- 
globin with N-ethylmaleimide. 


Reaction of HgCl, with PCMB-blocked SH groups. 
PCMB reacts with the SH groups of haemoglobins 
to form a compound from which it cannot be dis- 
placed by AgNO, in either neutral or ammoniacal 
solution. HgCl,, on the other hand, competes 
successfully for the sulphydryl groups of gluta- 
thione and of horse haemoglobin denatured with 
SDS. In both cases the end point of the HgCl, 
titration is quite unaffected by any previous addi- 
tion of PCMB or indeed of AgNO,. For these two 
SH compounds the order of affinity of the three 
reagents is therefore HgCl, > PCMB> AgNO,. 


DISCUSSION 


In the amperometric titration method for the esti- 
mation of SH groups in proteins, when silver 
nitrate is added it is bound by the test substance 
until an excess of silver is present; a diffusion 
current to a rotating platinum electrode is then 
observed and indicates the end point of the titration 
and therefore the number of silver atoms held by 
the protein. 

The underlying assumption in the use of this 
method is that silver will be bound covalently to a 
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protein in the presence of ammonia (0-25M) only by 
the sulphydryl groups; the number of silver atoms 
bound is then equal to the number of available thiol 
groups. This assumption is based on experiments 
with simple sulphydryl compounds (Kolthoff & 
Harris, 1946; Benesch & Benesch, 1948). Whilst 
none of the other groups which are known to occur 
in proteins will bind silver under these conditions, 
the possibility of specific binding by some unknown 
non-thiol group cannot be excluded. In this con- 
nection, it is of interest that several non-thiol 
proteins have shown no uptake of silver under the 
conditions described here (see above). In the 
present paper the above assumption will be used. 
Similar considerations apply to the titration with 
mercuric chloride, with the added complication 
that this metal is capable of combining with two 
SH groups. 

In their paper on the estimation of SH groups by 
amperometric HgCl, titration Kolthoff et al. (1954) 
state that the end point corresponds to a 1:1 ratio 
of HgCl, to SH. Of the test SH compounds used by 
them, glutathione, cysteine and serum mercaptal- 
bumin, only the first was titrated during the present 
work and the ratio Hg:SH was found to be 1:1. On 
the other hand the results obtained by this titration 
method with the native haemoglobins (Tables 1-4) 
show clearly that one HgCl, group can effectively 
block at least two SH groups to combination with 
silver. Hughes (1950) was led to a similar conclu- 
sion by the finding that mercaptalbumin which has 
one SH group per molecule can form a compound 
with HgCl, of the type Hg—(S—protein),. Addition 
of more HgCl, led to dissociation and to the com- 
pound Cl—Hg—S—protein ; presumably this last is 
the final product during the amperometric titration 
with HgCl, described by Kolthoff and accounts for 
his 1:1 ratio of Hg:SH. 

It is not possible to decide on the basis of the 
results obtained whether in the haemoglobins the 
ratio of one HgCl, to two SH is due to the formation 
of a —S—Hg—S— bridge or whether it is a steric 
effect as in the case of PCMB. The former explana- 
tion is perhaps the more likely in view of the ability 
of HgCl, to block more SH groups in SDS-denatured 
human and horse haemoglobins than the even more 
bulky PCMB. Hitherto PCMB and methylmercury 
derivatives have been regarded as specific blocking 
agents for SH groups and as forming compounds 
with a 1:1 Hg:SH ratio. Whilst the specificity is 
unchallenged, it can no longer be assumed that the 
number of sulphydryl groups in a protein is always 
equal to the number of molecules of mercury 
derivative bound. 

Previous X-ray crystallographic studies (Perutz, 
1942; Perutz, Liquori & Eirich, 1951) have shown 
that the molecules of hotse and human haemoglobin 
possess diad axes of symmetry; there is as yet no 
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evidence for or against such symmetry in the other 
haemoglobins. The finding in the present work that 
the SH groups of horse and human haemoglobin 
occur always in even numbers agrees well with such 
symmetry requirements. It may be that the ox and 
sheep proteins also have twofold symmetry, since 
the numbers of thiol groups in them are also 
multiples of two, but there is as yet no X-ray 
evidence to that effect. Fourier projections of horse 
haemoglobin with.two PCMB per molecule (Bragg 
& Perutz, 1954) have shown the positions in pro- 
jection of the mercury atoms and hence of at least 
two of the four SH groups in the native proteins 
(Figs. 4a, b). The silver atoms of horse haemoglobin- 


de) 


} 10 | 





| 10% | 
(6) 


Fig. 4. Diagrammatic representation of the suggested 
positions of the SH groups in horse haemoglobin. @, 
—SH group available in the native protein; o, —SH 
group available in the SDS-denatured protein; O, —Hg 
atom of HgCl, or PCMB. a, Combination with 2 Hg(l,/ 
molecule; 6, combination with 2 PCMB/molecule. 
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Ag, have been located similarly, and were found to 
be near to the mercury positions. 

The symmetry of the native molecule, together 
with the fact that on the Fourier projections the 
silver atoms were found in only two sites, although 
there are four SH groups, leads one to suppose that 
the four groups occur in two symmetrically situated 
pairs, one in each half molecule, and that the 
partners of each pair are near neighbours. An atom 
equivalent of mercury or silver distributed between 
the two groups of a pair might easily have appeared 
as a single peak in the Fourier projection at the 
resolution employed, particularly if the distance 
between them had been foreshortened by the pro- 
cess of projection. On the other hand, if the four 
groups were all widely apart, the appearance of two 
silver peaks in the Fourier projection could only be 
explained by assuming two of them to have a 
higher affinity for Ag* and PCMB. This is not 
supported by the result of the amperometric 
AgNO, titration, which showed unbroken uptake of 
silver to a total of four atom equivalents. In addi- 
tion it would then be difficult to explain the finding 
that two equivalents of HgCl,, PCMB and, prob- 
ably, methylmercury are sufficient to block all four 
SH groups to reaction with silver. For these 
reasons arrangement of the SH groups of the native 
protein into pairs is preferred as an explanation of 
the experimental facts. Very recently a Fourier 
projection of crystalline horse haemoglobin-Ag, has 
been calculated (Ingram & Perutz, unpublished). 
This shows the four silver atoms as only two peaks, 
each slightly elongated and each high enough to 
account for two metal atoms close together. This 
finding is in agreement with the proposed pairing of 
the SH groups. 

Native ox and human haemoglobins also appear 
to have four SH groups in two pairs, each of which 
has the sulphur atoms close together. Native sheep 
haemoglobin, on the other hand, has eight groups, 
apparently in four pairs. In human haemoglobin, 
as in horse, the symmetry found in X-ray studies 
demands that the two pairs be in equivalent 
positions. 

On denaturation with SDS, another two SH 
groups appear in horse haemoglobin (Fig. 4a). In 
speculating about their positions in the molecule the 
following facts have to be taken into consideration. 
When two HgCl, are bound by a molecule of the 
protein nearly all the six SH groups are sterically 
blocked to silver ions, but not to further reaction 
with HgCl,, which has a higher affinity. Therefore, 
a total of four HgCl, can be taken up after denatura- 
tion. When two molecules of PCMB combine with 
a molecule of protein, one PCMB to each group of 
three SH sites (Fig. 46), only four out of the six 
sulphydryl groups are blocked to AgNO, and 

another two PCMB are required to complete the 
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process. These results suggest that each of the two 
additional SH groups uncovered on denaturation is 
probably near one of the pairs of ‘native’ groups; 
thus there would be two clusters each containing 
three SH groups. The configuration of SH groups 
within each cluster of three is probably not much 
altered by denaturation since blocking with mer- 
curic chloride or PCMB is equally effective when the 
mercurial is added to the already denatured haemo- 
globin. 

SDS-denatured human haemoglobin shows eight 
SH groups, two more than horse. Correspondingly 
two more molecules of the blocking reagents HgCl, 
and PCMB are required to make all the sulphydryl 
groups unavailable to silver ions. A simple explana- 
tion, though probably not the only one, is to assume 
that six of the groups occur, as in horse, in two 
clusters of three and that the remaining two groups 
are in a general position and its symmetrical 
equivalent. It seems that the last-mentioned 
groups are not near the others, since any blocking of 
them does not affect the other groups or vice versa; 
also they combine in a 1:1 ratio with the mercury 
reagents. 

On the other hand, ox and sheep haemoglobins 
show no extra SH groups on treatment with SDS. 
As no extra HgCl, is taken up, the distance between 
the groups in a pair can hardly have been altered by 
the treatment. 

The report of Hughes (1950) that native human 
haemoglobin combines with two molecules of 
methylmercury iodide agrees very well with its 
reactions with the closely related PCMB and methyl- 
mercury nitrate in the present work. Nevertheless, 
there are four SH groups in the native protein 
which react in the amperometric AgNO, titration; 
it is interesting to note that this is also the number 
found by Benesch (1950) in dog haemoglobin by 
the same AgNO, method. However, the two SH 
groups per molecule found by Ingbar & Kass (1951) 
do not agree with the four groups found during the 
experiments reported here. This discrepancy may 
be due to the higher ammonia concentration 
employed by them for the AgNO, titration, which 
would have had the effect of depressing the number 
of SH groups detected. 

The amino acid composition of horse haemoglobin 
(Tristram, 1953) shows that each molecule contains 
six sulphur atoms derived from cysteine or cystine. 
Since all these appear as SH groups in the SDS- 
denatured protein, we can deduce that in horse 
haemoglobin the six polypeptide chains (Porter & 
Sanger, 1948) are not joined together by disulphide 
bridges. It is not likely that the two extra thiol 
groups of denatured horse haemoglobin are derived 
from the breaking of a disulphide group with SDS; 
this reagent does not affect the disulphide links of 
insulin, where experiments showed that there was 
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no uptake of AgNO, even in the presence of the 
denaturant. 

The rather inadequate analytical data available 
for ox haemoglobin (Haurowitz, 1954; Block & 
Bolling, 1947) indicate the presence in the molecule 
of 3-5 cysteine—-cystine sulphur atoms. Together 
with the fact that four SH groups have been found 
in the native and the denatured protein this makes 
it seem likely that here also there are no disulphide 
bridges between peptide chains. The published 
analytical figures for sheep and human haemo- 
globin do not warrant any speculations on this 
subject. 


SUMMARY 


1. The numbers of available sulphydryl groups 
in the native and sodium dodecylsulphate denatured 
haemoglobins of horse, ox, man and sheep have been 
determined by amperometric titration with silver 
nitrate and with mercuric chloride. 

2. Native horse, ox and human haemoglobins 
have four sulphydryl groups as two pairs of 
closely neighbouring groups. Native sheep haemo- 
globin shows eight sulphydryl groups as four such 
pairs. 

3. Horse haemoglobin denatured with sodium 
dodecylsulphate has altogether six sulphydryl 
groups probably situated symmetrically with 
respect to a diad axis as two clusters of three. Since 
the number of cysteine—cystine sulphur atoms is 
six, there can be no disulphide linkages in this 
haemoglobin. 

4. Denaturation of human haemoglobin with 
sodium dodecylsulphate reveals the presence of 
eight sulphydryl groups, six of which are probably 
arranged in two clusters of three as in horse haemo- 
globin, while the remaining two appear to be 
separate. 


The author wishes to thank Dr M. F. Perutz, F.R.S., for 
his interest and encouragement during the course of this 
work, The gift of specially purified sodium dodecylsulphate 
by Dr B. A. Pethica, Cambridge, is gratefully acknowledged, 
as is a sample of methylmercury iodide from Dr F. R. N. 
Gurd, Boston. 
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The Assimilation of Amino Acids by Bacteria 


20. THE INCORPORATION OF LABELLED AMINO ACIDS 
BY DISRUPTED STAPHYLOCOCCAL CELLS 


By E. F. GALE anp JOAN P. FOLKES 
Medical Research Council Unit for Chemical Microbiology, Department of Biochemistry, 
University of Cambridge 


(Received 2 November 1954) 


In a previous paper (Gale & Folkes, 1953a) it was 
shown that washed suspensions of Staphylococcus 
aureus (Micrococcus pyogenes var. aureus) will in- 
corporate [!4C]glutamic acid into the protein portion 
of the cells if these are incubated with glucose and 
the labelled amino acid either alone or as part of a 
complete mixture of amino acids. The sensitivity of 
the incorporation process differed according to the 
incubation conditions; when a complete mixture of 
amino acids was present the incorporation was 
highly sensitive to chloramphenicol and aureo- 
mycin but insensitive to penicillin, whereas when 
glutamic acid was the only amino acid present, the 
incorporation was much less sensitive to chlor- 
amphenicol but markedly affected by penicillin. 
Studies of the effects of varying the composition of 
the amino acid mixture and of adding inhibitors on 
the rate of incorporation of [!4C]glutamic acid or 
[4C]phenylalanine compared with the effects on the 
rate of protein synthesis showed that the former rate 
was no measure of the latter (Gale & Folkes, 
1953a, 6). When glutamic acid is the only amino 
acid present in the incubation mixture, the in- 
corporation process appeared to take place as the 
result of an exchange between glutamic acid 
residues in the protein and the free glutamic acid 
accumulated within the cells. If this were the case, 
it should be possible to demonstrate a removal of 
labelled residues from the cell protein (after in- 
corporation) by exchange with non-labelled free 
glutamic acid; this could not be demonstrated with 
intact cells since it proved impossible to remove 


free labelled glutamic acid from the internal medium 
of the cells after incorporation experiments. In the 
present paper, a reversal of incorporation has been 
demonstrated by the use of disrupted cells which 
possess no internal medium. 

Incorporation of labelled amino acids into a 
variety of tissue preparations has now been demon- 
strated by many workers (see reviews by Borsook, 
1953; Gale, 1953) and in many cases it has been 
proved beyond reasonable doubt that the incorpor- 
ated material has become part of the tissue protein, 
although protein synthesis as such has not been 
demonstrated during the experiments. Typical 
investigations of this point have included studies of 
the effect of prolonged and repeated washing of the 
protein precipitates with hot and cold trichloro- 
acetic acid (TCA), solution and reprecipitation of 
the protein fraction, demonstration that the rate of 
release of labelled amino acid is the same as that of 
non-labelled amino acid during hydrolysis of the 
protein, and detection of the labelled residue in 
peptide fragments of the protein after mild hydro- 
lysis. Incorporation requires a source of energy 
which can be provided by glucose for intact 
staphylococci (Gale & Folkes, 1953a) or by adeno- 
sine triphosphate (ATP) for disrupted cells (Gale 
& Folkes, 1953c) or microsome preparations 
(Zamecnik & Keller, 1954). Holloway & Ripley 
(1952) found that the incorporation of labelled 
leucine into rabbit reticulocytes could be correlated 
with their ribonucleic acid content and it is shown 
below that the incorporation of [}4C]glutamic acid 
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or glycine in disrupted staphylococci is dependent 
upon the presence of nucleic acid. Following a 
preliminary note on this by Gale & Folkes (1953¢), 
Lester (1954) showed that incorporation of labelled 
leucine in lysozyme-treated preparations of Micro- 
coccus lysodeikticus is greatly decreased by treat- 
ment with ribonuclease, and Zamecnik & Keller 
(1954) found a similar effect of ribonuclease treat- 
ment of microsomes. 


METHODS 


The organism, methods of growth and preparation of sus- 
pensions, conditions of incubation, washing and preparation 
of material for counting were the same as those described in 
the previous paper (Gale & Folkes, 1953). 

Incubation mixtures. Incubations were carried out in 
15 ml. centrifuge tubes containing the following: 0-1 ml. 
0-06m ATP; 0-4 ml. hexose diphosphate (HDP) solution 
containing the equivalent of 100 mg. barium salt/ml.; 
0-5 ml. disrupted cell preparation; 0-4 ml. amino acid 
mixture A as below; 1-5 ml. buffered saline (Gale, 1947) 
pH 6-25 containing a known amount of radioactive amino 
acid ; water or other additions to 3-5 ml. Amino acid mixture 
A contained the following components at a concentration of 
4 mg. Lisomer/ml.: L-asparagine, L-aspartic acid, DL-alanine, 
L-arginine dihydrochloride, L-cysteine hydrochloride, L- 
glutamic acid, glycine, L-cystine, L-histidine, pL-isoleucine, 
L-leucine, L-lysine dihydrochloride, pi-methionine, DL- 
phenylalanine, .-proline, DL-serine, pDt-threonine, L- 
tyrosine, DL-tryptophan, L-valine; final pH adjusted to 
6-25. In experiments designed to estimate the incorporation 
of a labelled amino acid in the presence of the mixture, the 
corresponding unlabelled amino acid was omitted from 
mixture A. “C-labelled amino acids were obtained from the 
Radiochemical Centre, Amersham; glutamic acid and 
glycine were labelled in the «-COOH group, other amino 
acids were uniformly labelled. A solution (0-1 ml.) con- 
taining 100yug. diphosphopyridine nucleotide (DPN) was 
added in some experiments but was found to be without 
significant effect in the experiments described in this paper. 

Nucleic acid preparations. Staphylococcal nucleic acid 
was prepared by the method of Jones (1953) and also by 
that of Sevag, Lackman & Smolens (1938) from the soluble 
portion of cells disintegrated as below for the preparation of 
disrupted cells. Ribonucleic (RNA) and deoxyribonucleic 
(DNA) acid fractions were prepared from the whole nucleic 
acid by the method of Dutta, Jones & Stacey (1953); in all 
cases the RNA fraction was treated with deoxyribonuclease 
and the DNA fraction with ribonuclease to destroy traces of 
nucleic acid impurity remaining after fractionation. The 
sodium salts of the nucleic acids were then precipitated with 
ethanol (Jones, 1953), dissolved in water and dialysed 
against distilled water for 18-20 hr., the dialysed solutions 
were then kept at — 15° until required. The effectiveness of 
the separation was periodically checked by the Schmidt & 
Thannhauser procedure (1945). The extinction coefficient at 
260 mp. was 24 for 0-1% nucleic acid and the strength of 
solutions was routinely calculated from their extinction 
at 260 mu. measured in a Beckman spectrophotometer. 
Analysis of typical sodium salt preparations gave: RNA, C, 
30-65; H, 4-46; N, 14-0; P, 8-99%; DNA, C, 29-37; H, 4-90; 
N, 13-95; P, 7-96 % (Weiler and Strauss, Oxford). 
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We are indebted to Dr P. W. Kent for preparations of 
DNA from thymus, wheat germ and herring roe, and of 
RNA from ox liver. 

Protein-nitrogen determinations. Protein fractions of 
disrupted cell preparations were precipitated with TCA and 
nucleic acid extracted therefrom as previously described 
(Gale & Folkes, 1953a). Nitrogen content was determined 
by digestion in a micro-Kjeldahl apparatus according to 
Chibnall, Rees & Williams (1943), followed by distillation of 
the ammonia and colorimetric estimation after nessleriza- 
tion. 

Disintegration of cells. Suspensions of washed cells, at a 
density of approx. 40 mg. dry wt./ml., in 10% (w/v) sucrose 
solution buffered in 0-05m phosphate buffer pH 6-25 con- 
taining 0-02m-NaCl and 0-003mM-MgSO,, were subjected to 
supersonic vibration of 25 keyc./sec. generated by a 500 w 
Mullard magnetostrictor oscillator, the transducer-cup 
assembly being cooled in ice throughout the exposure. The 
duration of exposure varies with the efficiency of the trans- 
ducer-cup assembly and with the degree of disintegration 
required and was assessed as described below. 

Separation of disrupted cell fraction. The disintegrated 
material was centrifuged for 8 min. at 800g; the turbid 
supernatant was taken and again centrifuged at 4000 g for 
20 min.; the sediment obtained on this occasion was 
washed once in buffered saline and finally resuspended in 
buffered saline at a suspension density of approx. 3-4 mg. 
dry wt./ml.; 0-5 ml. of this suspension was used for each 
experimental tube. Suspension densities were determined 
by direct weighing of samples after drying for 2 hr. at 100°. 


RESULTS 


Preparation of a non-viable fraction from Staphy- 
lococcus aureus capable of incorporating [C}- 
glutamic acid 


The work was started in an attempt to obtain a 
subcellular fraction of staphylococcal cells which 
would incorporate [!4C]glutamic acid. Suspensions 
of cells at various densities and in various suspension 
media were subjected to supersonic vibration and 
tests carried out on the viability and ability of the 
resulting materials to incorporate glutamic acid. 
With the transducer assembly then in use it was 
found that thick suspensions (20—50 mg. dry wt. of 
cells/ml.) lost 99 % of their viability after 15-20 min. 
exposure and underwent complete disintegration 
in 30-40 min. exposure. Incorporation of glutamic 
acid occurred in material obtained after 15-30 min. 
exposure, but this property was lost as disintegra- 
tion continued. If the active material was centri- 
fuged at 16 000g it was found that the sediment 
retained the ability to incorporate glutamic acid 
but the clear supernatant extract was completely 
inactive. The sediment was next fractionated to 
give (1) material centrifuged down in 10 min. at 
800 g and (2) material centrifuged down in 20 min. 
at 4000 g, and (3) a ‘small particle’ fraction centri- 
fuged down in 30 min..at 16 000g. Each fraction 
was then incubated for 1 hr. at 37° in the presence of 
[*4C]glutamic acid, phosphate buffer pH 6-25 and 
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(a) ATP+HDP, (6) ATP, HDP and amino acid 
mixture A less glutamic acid, and (c) no additions; 
the specific activity (counts/min./mg. dry wt.) was 
determined after incubation in each case. It was 
found that some incorporation occurred in fractions 
land 2, fraction 2 having the higher specific activity, 
while fraction 3 had negligible activity. In fraction 2 
the amount of incorporation was greater under 
condition (a) than either (6) or (c). Since the presence 
of amino acids apparently decreased the activity of 
fraction 2 (the effect was later shown to be one of 
rate, not of amount, of incorporation as shown in 
Fig. 6) and the distintegrated material contained 
amino acids liberated from the internal medium of 
the cells, the sedimentable material was washed in 
buffered saline for further experiments. When the 
cells, before disintegration, were suspended in 
water or buffered saline the yield of fraction 2 was 
found to be small; tests were therefore made to find 
a suspension medium which would give better 
yields of the fraction. It was found that addition 
of sucrose to a final concentration of 10% to the 
buffered saline resulted in markedly improved 
yields and that the fraction so prepared was 10-12 
times as active in incorporating glutamic acid as 
fractions prepared in the absence of sucrose. The 
procedure described above was then adopted for the 
preparation of fraction 2; if the fraction was re- 
suspended in buffered saline and subjected to a 
further 15 min. exposure to supersonic vibration it 
could then be separated into two fractions by centri- 
fuging first at 4000g and then at 16 000g; the 
heavier portion retained incorporating activity but 
was 10-20% less active than the original fraction, 
whereas the lighter portion was devoid of activity. 

The various fractions have been examined in the 
electron microscope and PI. 1 shows preparations of 
fraction 2 at various stages of disintegration. All the 
preparations show the presence of pieces of cell-wall 
but the majority of the ‘particles’ are complex 
organized structures consisting of cells in which the 
cell-wall has been ruptured and the greater part of 
the contents lost leaving a small amount of electron- 
dense material in the cell centre. Shadowed micro- 
graphs show that, in contrast to intact cells, the 
units of fraction 2 throw little shadow but appear 
to be collapsed on the grid. Fraction 1 consists of 
some intact cells and a mixture of slightly damaged 
ones, while fraction 3 consists almost entirely of 
fragments of cell-wall; the action of a second 
exposure of fraction 2 to supersonic vibration is to 
remove pieces of cell-wall from the disrupted cells. 

Effect of time of exposure to supersonic vibration. 
Much of this work has been carried out while 
attempts have been made to improve the design of 
the disintegrator and to stabilize the performance 
of the transducer-cup assembly. The disintegration 
procedure is not at present capable of exact control 
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and variable results are obtained, especially with 
regard to the time of exposure required to give 
optimally active fraction 2. When the transducer is 
freshly assembled and firmly soldered to the dis- 
integration cup, it is found that cells are rapidly 
broken and that a good yield of fraction 2 is obtained 
after 12-15 min. exposure, whereas further exposure 
results in loss of activity of the fraction. With con- 
tinued use the efficiency of the transducer-cup 
assembly decreases and it is necessary to increase 
the length of exposure; however, less efficient 
performance is also associated with decreased 
inactivation and some of the most satisfactory 
results have been obtained in an old assembly in 
which 45-60 min. exposure resulted in the produc- 
tion of very active fraction 2 unassociated with any 
detectable intact cells. As explained below, con- 
tinued exposure results in progressive depletion of 
the fraction with regard to nucleic acid and con- 
sequent increased stimulation of glutamic acid or 
glycine incorporation by added nucleic acid. Such 
stimulation therefore provides a measure of the 
disruption and is now used to check the performance 
of the transducer assembly. For studies involving 
nucleic acid, as described in this and the following 
paper, it is desirable to continue exposure until the 
stimulation of glycine incorporation, under ex- 
change conditions, by nucleic acid is of the order of 
300-500 %. The yield of fraction 2 under these 
conditions may be less than 1 % of the initial cell 
suspension used. 

Table 1 shows the variation in composition and 
viability of fraction 2 preparations obtained after 
exposures of 25, 35 and 45 min. in a typical experi- 
ment with a transducer assembly of low efficiency ; 
Pl. 1 shows representative fields in the electron- 
microscope of the corresponding preparations. 
Most of the work described in this paper has been 
carried out with preparations corresponding to 
stage C of Table 1. 

Properties of fraction 2. It has not been possible, 
except on rare occasions, to prepare fraction 2 
entirely free from intact cells; on a basis of the 
number of viable cells/mg. dry wt. of preparation, 
fraction 2 possesses 0-015-—0-3 % of the viability of 
the original cell suspension. It is therefore necessary 
to devise methods of study which will not be 
invalidated by the presence of this small proportion 
of intact cells. The incorporation of glutamic acid 
into the protein fraction of either intact or disrupted 
cells requires a source of energy; Table 2 shows the 
ability to utilize either glucose or ATP+HDP. 
Intact cells can attack glucose either anaerobically 
or aerobically, while fraction 2 is unable to oxidize 
glucose but retains ability to ferment it with the 
production of acid ; fraction 2 can utilize ATP + HDP 
as energy source for the incorporation of glutamic 
acid, while intact cells are unable todoso. Although 
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Table 1. Properties of disrupted cell preparations 





Washed suspension of Staph. aureus in buffered sucrose exposed to supersonic vibration and fractionated as described in 
the text. Fraction 2 separated and, where indicated, incubated for 1 hr. at 37° in M-NaCl, and resuspended in water 


before test. P t 
ercentage 


activation 
of glycine 
incorporation 
by nucleic 
acid 


Viable count 
(cells/mg. 
dry wt.) 


7x 10° 


Exposure 
time 
(min.) 


DNA 
dry wt.) 


RNA 
dry wt.) (% 
8-5 2-0 0 


Nucleic acid 
% dry wt.) (% 


10-5 


Preparation 


Intact cells — 


Disrupted cells, fraction 2: 


Stage B 
Stage B, salt extracted 
Stage C 
Stage C, salt extracted — — 
Stage D 


6 x 107 4-6 — — 15 

— 1-5 1-15 0-35 
8 x 10° — —_ — 
0-4 0-25 
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Disrupted cell preparation corresponds to fraction 2, stage B in Table 1; oxidation (Qo,) and fermentation (Q%$3= 


CO, liberated from bicarbonate buffer system/hr./mg. dry wt. of preparation) at pH 7-0 studied by conventional W a 
wusiies rate of glutamic acid incorporation studied in presence of energy source and 0:1 pmole [!*C]glutamic acid/ml., 
specific activity 0-9 mc/m-mole, either alone (condition 1) or with amino acid mixture A (condition 2); counts carried out 


on protein fraction after drying and values converted into glutamic acid incorporated. 


Disrupted cells 


Viable count, cells/mg. dry wt. 


Glucose present 
Oxidation Qo, 
Fermentation’ Qe 09 
Glutamic acid incorporation 
(um-moles/hr./mg. dry wt.): 
Condition 1 
Condition 2 
ATP +HDP present 
Glutamic acid incorporation 
(um-moles/hr./mg. dry wt.): 
Condition 1 
Condition 2 


the proportion of intact cells in the fraction used to 
obtain the results in Table 2 amounted to 0-3 %, the 
incorporation of glutamic acid by the fraction in the 
presence of glucose amounted to 45-50% of that 
obtained in intact cells. Consequently fraction 2 
can use glucose as energy source but, since the 
proportion of intact cells is likely to vary widely 
between different preparations, it was felt that 
interpretation of incorporation results in the 
presence of glucose would be difficult and that 
experiments should be carried out with ATP + HDP 
as energy source despite the smaller rates of reaction 
then obtained. 


Incorporation of (14C]glutamic acid by 
disrupted cell preparations 
Fig. 


Requirement for energy source. 1 shows the 


effect on the course of incorporation of adding 
sources of energy to the incubation mixture. Some 


Intact cells 
(a) (6) alb 


22 x 106 75 x 108 0-003 


0 74 0 
18 159 0-1 


3-95 8-2 0-45 
9-6 18-8 0-5 


1-55 0-012 120 
1-76 0-05 35 


incorporation occurs in the absence of any such 
addition, and this is not significantly increased by 
the addition of ATP alone; addition of HDP leads 
to a marked increase in incorporation and _ this 
effect is made greater by the further addition of 
ATP. Itseems probable that the preparation is able 
to destroy ATP and that continued generation from 
HDP by glycolytic enzymes is an effective way of 
ensuring an energy supply throughout the experi- 
mental procedure. A similar procedure has been 
used by Bloch, Snoke & Yanari (1952) and by 
Samuels (1953) for supplying energy for the 
biological synthesis of glutathione. 

Effect of temperature. Fig. 2 shows the effect of 
temperature on incorporation in the presence and 
absence of added ATP and HDP; at 40° a rapid 
incorporation takes place in the presence of ATP 
and HDP while the ‘endogenous’ incorporation is 
almost abolished. The process does not occur in 


Q 1 x 108 a aoe as a 
Stage D, salt extracted —- -= 0-3 0-16 565 
Table 2. Metabolic properties of intact and disrupted cells 





ans 





Vol. 59 AMINO ACID INCORPORATION 665 





140 
= 2 
£ > 
g = 
2 £ 120 
a $ 
2 £ 
— . 
£ pe 100 
£ = 
3 £ 
3 = 
= 5 1 
3 8 
a — 
g 5 0 
6 s 
2 8 40 
s c 
v S 
S ae 
s oe 
3 Pa 
0 
0 30 60 90 4 5 6 7 8 9 
Min. at 37° pH 


Fig. 1. Effect of energy source on incorporation of [#4C]- 
glutamic acid by disrupted cell preparation. Cell pre- 
paration: fraction 2, stage B. Preparation incubated in 
buffered saline, pH 6-25, containing 0-lymole pL- 
[«-carboxy-4C]glutamic acid (specific activity 0-9 mc/ 
m-mole)/ml. with additions as follows: curve 1, no 
addition; curve 2, 0-1 ml. 0-:06m ATP; curve 3, 0-2 ml. 
HDP (=20 mg. Ba salt); curve 4, ATP +HDP. Counts 


determined on dried protein fractions. 


Fig. 3. Effect of pH on rate of incorporation of [!4C]- 
glutamic acid. Preparation: fraction 2, stage C, extracted 
with M-NaCl. Preparation incubated at 37° for 1 hr. in 
saline buffered as above, containing ATP, HDP and 
[4C]glutamic acid alone (curve 1) and with 0-1 mg. 
nucleic acid/ml. (curve 2). 
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Fig. 4. Variation of velocity of incorporation with concen- 
tration of [14C]glutamic acid; velocity and concentration 


Glutamic acid incorporated/hr. (counts/min./mg. protein) 


10 20 30 40 50 60 : e e . : 

Temperature plotted as reciprocals, Conditions as for Fig. 1; incubation 

for 1 hr. at 37° in presence of ATP + HDP with glutamic 

Fig. 2. Effect of temperature of incubation on rate of acid only (condition 1) or in presence of amino acid mixture 

incorporation of [!C]glutamic acid. Conditions as for A (condition 2). S=pmoles [14C]glutamic acid (specific 

Fig. 1. Curve 1, no addition of energy source; curve 2, activity 0-9 mc/m-mole)/ml. v=pm-mole glutamic acid 
ATP + HDP added. incorporated/mg. protein of preparation/hr. 
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either case at temperatures of 60° and over; con- 
sequently it is not similar to that described by 
Brunish & Luck (1952) for amino acid incorporation 
in deoxyribonucleohistone preparations. 

Effect of pH. Fig. 3 shows that glutamic acid 
incorporation at 37° in the presence of ATP and 
HDP occurs optimally at pH 6-0; this pH was used 
for the remainder of the investigations reported 
here. Fig. 3 also shows that the pH optimum is not 
altered by the presence of added nucleic acid (see 
below). 

Effect of glutamic acid concentration. Fig. 4 shows 
the reciprocal of the rate of incorporation plotted 
against the reciprocal of glutamic acid concentra- 
tion; calculation of the ‘apparent Michaelis con- 
stant’ for the incorporation process (Lineweaver & 
Burk, 1934) gives a value of 0-02 umole glutamic 
acid/ml. under condition 1 and 0-08 pmole/ml. under 
condition 2, both values being markedly less than 
that (0-21 mole/ml.) obtained with intact cells 
(Gale & Folkes, 1953a). 

Fig. 5 shows the course of incorporation when 
glutamic acid is present at three different initial 
concentrations, and it can be seen that the process 
ceases when the incorporation reaches a value which 
increases with the glutamic acid concentration. In 
no case has the added radioactive glutamic acid 
been exhausted when incorporation ceased. The 
shape of the curves suggest that an equilibrium is 
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Fig. 5a. Effect of concentration on incorporation of 
(?4C]glutamic acid under condition 1. Incubation mixture: 
buffered saline pH 6-25; ATP, HDP and [!*C]glutamic 
acid at initial concentration 0-03 .mole/ml. (curve 1), 
0-06umole/ml. (curve 2), O-lymole/ml. (curve 3); 
specific activity 0-9 mc/m-mole in all cases. 


Fig. 5b. Reversibility of incorporation of [14C]glutamic acid. 
Preparation incubated for 120 min. as curve 3 in Fig. 5a, 
washed twice in buffered saline and then incubated in 
buffered saline with additions as follows: curve 3a, 
ATP+HDP; curve 3b, ATP, HDP, 0-lymole [!C}- 
glutamic acid/ml.; curve 3c, ATP, HDP, 0-lymole 
[*C]glutamic acid/ml. Incubation with [}*C]glutamic 
acid in absence of ATP and HDP, or with ATP, HDP and 
either [?*C]glycine or [!*C]aspartic acid gives results 
significantly the same as curve 3a. 
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set up between the glutamic acid residues of the 
protein and the glutamic acid of the medium. 
Evidence has been presented with intact cells 
(Gale & Folkes, 1953) that incorporation under this 
condition (condition 1, glutamic acid being the 
only amino acid present in the incubation mixture) 
takes place as a result of an exchange between 
protein residues and the free glutamic acid of the 
medium. If this is so, it should be possible to 
demonstrate a removal cf C-labelled residues 
from the protein by incubation in the presence of 
[22C]glutamic acid. Fig. 5 also shows the results of 
an experiment designed to test this point. The 
disrupted cell fraction was first incubated with 
0-1 pmole [!4C]glutamic acid/ml. in the presence of 
ATP and HDP as usual; after 120 min. incubation, 
the fraction was centrifuged down and washed twice 
in buffered saline to free it from labelled glutamic 
acid. The washed radioactive fraction was then 
divided into a number of equal portions which were 
incubated under the conditions shown in Fig. 5. 
Incubation with ATP and HDP gave no significant 
alteration in radioactivity; incubation with ATP, 
HDP and 0:1 umole [4C]glutamic acid/ml. gave a 
small increase in radioactivity; incubation with 
ATP, HDP and 0-1 umole [#2C]glutamic acid gave 
a progressive loss in radioactivity. This loss was not 
obtained if incubation took place with [??C]glutamic 
acid in the absence of ATP and HDP, or with 
[C]glycine or aspartic acid in the presence or 
absence of ATP and HDP. 

The glutamic acid incorporated after incubation 
with 0-1ymole glutamic acid/ml. corresponds to 
less than 2 % of the total glutamic acid residues in 
the protein of the preparation; increasing the con- 
centration of glutamic acid in the incubation 
mixture does not lead to parallel increase in the 
amount of incorporation and the highest incorpora- 
tion measured (in the presence of 1-2 moles 
glutamic acid/ml.) has corresponded to 5-6 % of the 
protein glutamic acid residues present. 

Effect of adding amino acid mixture A. Fig. 6 
shows the time course of [!4C]glutamic acid in- 
corporation in the presence of ATP and HDP when 
glutamic acid is the only added amino acid (condi- 
tion 1) and when it forms one component of the 
complete mixture A (condition 2). Under condition 1 
the rate of incorporation steadily decreases until 
the equilibrium position is reached. The effect of 
adding the amino acid mixture A to the incubation 
mixture is to decrease the initial rate of incorpora- 
tion but this rate remains linear for at least 3 hr. if 
the concentration of A is sufficiently high (greater 
than 0-3 ml. A/3-5 ml. incubation mixture). Lower 
concentrations of A give results intermediate 
between that obtained under condition 1 and the 
linear incorporation obtained with high concentra- 
tions, as shown in Fig. 6. 
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Table 3 shows the changes in protein-nitrogen 
of the disrupted cell fraction which occur during 
incubation under conditions 1 and 2. Under 
condition 1, or when the fraction is incubated with 
ATP and HDP alone, there is no increase in protein- 
nitrogen while frequently, as in the case quoted in 
Table 3, a small decrease is observed. Under 
condition 2 a significant increase in protein- 
nitrogen takes place and this increase agrees with 
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Fig. 6. Effect of presence of amino acid mixture A on 
course of incorporation of [14C]glutamic acid by disrupted 
cell preparation. Disrupted cell preparation: stage B, 
incubated in buffered saline pH 6-25 with ATP, HDP and 
0-lumole [*4C]glutamic acid (specific activity 0-9 mc/ 
m-mole)/ml. in presence of following amounts of amino 
acid mixture A (less glutamic acid)/3-5 ml.: curve 1, 
none; curve 2, 0-1 ml.; curve 3, 0-2 ml.; curve 4, 0-4 ml. 
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that which would be expected if the incorporated 
glutamic acid formed part of new protein. It is 
shown in the following paper (Gale & Folkes, 1955) 
that synthesis of enzymes can be demonstrated 
under this condition. 

Attempt to obtain incorporation in soluble protein 
fraction. During the preliminary studies it was 
found that no incorporation took place into the 
proteins of the clear supernatant obtained by high- 
speed centrifuging of the disintegrated cell material. 
An attempt was made to obtain incorporation into 
the soluble protein fraction by adding it to fraction 2 
in the presence of ATP, HDP and [!4C]glutamic 
acid. After incubation for 1 hr. at 37° the protein of 
the combined fractions was precipitated with 5% 
TCA in the cold and prepared for counting as usual. 
It was found that the radioactivity of the precipi- 
tate was significantly greater (in one case, 216% 
greater) than that of the control precipitate from 
fraction 2 incubated in the absence of the soluble 
fraction. If, however, fraction 2 was separated, 
after incubation, from the soluble fraction and the 
protein of the two fractions precipitated separately, 
it was found that the increase in radioactivity was 
entirely in fraction 2 and that no incorporation 
had taken place into the protein of the soluble 
fraction. 

It was clear that the presence of the soluble 
fraction during incubation resulted in increased 
incorporation in fraction 2. The stimulating sub- 
stance in the soluble fraction was non-dialysable and 
was precipitated by saturation with ammonium 
sulphate or addition of ethanol to 85 % final con- 
centration. Fractional precipitation of the soluble 
fraction with ethanol was carried out, and the 
material precipitated by 0-35, 35-45, 45-55 and 
55-85% ethanol was dissolved in water and 
dialysed free from ethanol; all four precipitates 
proved to contain stimulating material and no one 
precipitate was markedly more active than the 


Table 3. Changes in protein-nitrogen content of disrupted cell fraction during [14C]glutamic acid incorporation 


Incubation mixtures contain ATP, HDP, DPN and buffered saline in all cases; temperature 37°; time of incubation 
90 min. Concentration of [4C]glutamic acid (specific activity 0-25 mc/m-mole) 1 pmole/ml.; amino acid mixture A at 
final concentration 0-45 mg. each component/ml. After incubation, preparation precipitated with 5% TCA in cold, 
nucleic acid extracted from precipitate with hot TCA, residue divided into portions for determination of radioactivity 
and protein-nitrogen. Radioactivity converted into glutamic acid incorporated by calibration of counting equipment; 
calculated increase in protein-nitrogen on basis that glutamic-nitrogen represents 5-0 % protein-nitrogen (Freeland & Gale, 


1947). 


Glutamic acid 


Additions to incorporated 
incubation mixture (ug. N) 
Initial preparation -- 
No addition — 
[44C]Glutamic acid 0-115 
[24C]Glutamic acid 0-371 


+amino acid mixture 


Protein-nitrogen 





Calculated 


Content Change 
found found change 
(ug-) (ug-) (ug-) 
49-0 —_ — 
46-5 —2-5 — 
44-5 — 4-5 +23 
58-0 +9-0 + 7-4 
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others. The precipitates were then combined and 
the material taken through the procedure of Sevag 
et al. (1938) for the separation of nucleic acid. The 
full stimulating activity of the preparation was 
found in the nucleic acid fraction. 


Effect of nucleic acids on [4C]glutamic acid in- 
corporation into the protein of the disrupted cell 
fraction 


Preparation of fraction 2 to obtain nucleic acid 
effect. Nucleic acid, prepared from the staphy- 
lococcal disintegrate by the method of Sevag et al. 
(1938) or that of Jones (1953), increased the rate of 
incorporation into the disrupted cell fraction. The 
degree of activation was found to vary within wide 
limits from day to day with various preparations of 
fraction 2 and a method of treating the latter in 
order to obtain more consistent activating effects 
was sought. Table 4 shows results of an experiment 
with a preparation of fraction 2 which did not, as 
initially prepared, respond markedly to nucleic 
acid. Incubation of the fraction with ribonuclease 
resulted in a decrease in the rate of incorporation in 
the absence of added nucleic acid but a well-marked 
response to added nucleic acid. Similar effects were 
obtained by incubation of the fraction with deoxy- 
ribonuclease or with M-NaCl; on grounds of economy 
the treatment with m-NaCl has been the one 
generally adopted for the remainder of the investi- 
gations of nucleic acid effects. Estimation of the 
nucleic acid content of the fraction before and after 
treatment shows that either ribonuclease or deoxy- 
ribonuclease removes approx. 80% of the nucleic 
acid, whereas salt extraction removes 55-60%. As 
also shown in Table 4, good nucleic acid effects can 
be obtained with fraction 2 prepared from cells 
disintegrated in M-NaCl containing 10 % sucrose but 
the yield of fraction 2 is small under these conditions 
and the method has not been generally adopted. 
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Effect of addition of nucleic acid on course of in- 
corporation. Fig. 7 shows the time course of [#C]- 
glutamic acid incorporation under conditions 1 and 
2 with and without added nucleic acid. Under both 
conditions the presence of nucleic acid markedly 
increases the rate of incorporation and, under condi- 
tion 1, also increases the final radioactivity attained. 
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Fig. 7. Effect of nucleic acid on course of incorporation of 
[?4C]glutamic acid in nucleic acid-depleted disrupted cell 
preparation. Cell preparation: disrupted cell fraction 2, 
stage C, extracted with M-NaCl for 1 hr. at 37° before 
incorporation experiment. Curves marked 1, incorpora- 
tion under condition 1; curves marked 2, incorporation 
under condition 2; curves marked A, in absence of nucleic 
acid; curves marked B, in presence of 0-1 mg. nucleic 
acid/ml. 


Table 4. Hffect of treatment of disrupted cell preparation on subsequent response to nucleic acid 
“J, prey q 


Disrupted cells, stage C fraction 2, incubated for 1 hr. at 37° as below, centrifuged down, washed once in buffered saline, 
resuspended in water and rate of incorporation of [“C]glutamic acid under condition 2 determined in presence and 
absence of 0-1 mg. staphylococcal nucleic acid/ml. Concentration of glutamic acid, 0-2 wzmole/ml. (0-2 wc/ml.). 


Rate of [!4C]glutamic 
acid incorporation 
(counts/min./mg. dry wt.) 


ee baa 
Pretreatment of fraction 2 No Nucleic 
Disintegration medium for 1 hr. at 37° addition acid added 
Buffered saline + 10% sucrose None 227 293 
Ribonuclease, 100 ug./ml. in 156 346 
phosphate pH 7-0 
Deoxyribonuclease, 30 ug./ml. in 145 540 
phosphate pH 7-0; 0-003M-MgSO, 
mM-NaCl : 143 446 
Buffered saline + 10% sucrose None 164 463 


+M-NaCl 
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Table 5. Inactivation of nucleic acid preparation 


Nucleic acid preparation, initial composition 86% RNA, 14% DNA, assayed for stimulation of rate of incorporation of 
[4C]glutamic acid under condition 2 into protein of disrupted cells, fraction 2 stage C, salt-extracted. After treatment as 
below, residual nucleic acid precipitated as sodium salt and dialysed overnight against distilled water. 


Pretreatment conditions 


A 





Medium 


n-NaOH 

n-NaOH 

n-HCl 

0-05 phosphate, pH 7-0 + 100 yg. 
ribonuclease/ml. 

0-05 phosphate, pH 7-0 + 30 yg. 
deoxyribonuclease + 0-003 M-MgSO, 


i; Activity 
Time Temp. remaining 
(min.) (°) (%) 
60 25 50 
120 37 16 
10 100 0 
60 37 29 
60 37 65 


Table 6. Activation of nucleic acid-depleted preparations by added nucleic acids 


Disrupted Staph. aureus, stage C fraction 2, incubated for 1 hr. at 37° in (a) 0-05m phosphate pH 7-0 +100 yg. ribo- 
nuclease/ml. or (b) 0-05m phosphate buffer pH 7-0 + 0-003mM-MgSO, +30yg. deoxyribonuclease/ml.; centrifuged down, 
washed in buffered saline. Rate of incorporation of [!4C]glutamic acid under condition 1 with added nucleic acid as below 


Nucleic acid added (mg./ml.) 
None — 
RNA 0-02* 

0-08 
DNA 0-015* 
0-03 


. Increase due DNA* 
Ratio 





Increase due RNA* 


Glutamic acid incorporation 
(counts/min./mg. dry wt. of prep.) 





0 0-1 0-2 03 0-4 
Mg. nucleic acid added/3-5 ml. 

Fig. 8. Effect of ribonucleic and deoxyribonucleic acid on 
incorporation of [!*C]glutamic acid in nucleic acid- 
depleted preparation. Cell preparation: disrupted cell 
fraction 2, stage C, salt extracted. Incubation condi- 
tions: condition 1, preparation used at density 2-5 mg. dry 
wt./3-5 ml. 


determined after 1 hr. at 37°. 
Conen. 


Inactivation of nucleic acid preparation. Table 5 
shows the results of treatment of a nucleic acid pre- 
paration with acid, alkali or nucleases. The active 





Rate of glutamic acid incorporation 
A. 








c i, 
Ribonuclease treated Deoxyribonuclease treated 
: " c Pun \ 
Counts/ Increase Counts/ Increase 
min./mg. (%) min./mg. %) 
55 _— 53 —_ 
101 84 131 146 
106 93 134 152 
118 114 173 225 
123 124 191 260 
1-35 1-38 


* Values used for determination of ratio. 


material is both acid and alkali labile and partly 
removed by incubation with either ribonuclease or 
deoxyribonuclease. It can be seen, however, from 
Table 5 that the degrees of inactivation produced by 
nuclease action cannot be directly correlated with 
the composition of the nucleic acid preparation 
used and it would appear that activity resides in 
both RNA and DNA fractions. 

Effect of ribonucleic and deoxyribonucleic acids. 
Fig. 8 shows that the incorporation of [14C]glutamic 
acid into salt-extracted disrupted cells is activated 
by either RNA or DNA, the latter being approxi- 
mately twice as effective as the former on a dry- 
weight basis and giving a higher rate of incorpora- 
tion at saturation concentrations. If both nucleic 
acid fractions are present at sub-saturation concen- 
trations, their effects are additive but Fig. 8 also 
shows the effect of adding DNA in the presence of 
a saturation concentration of RNA; there is no 
additive effect under these conditions while very 
low concentrations of DNA decrease the normal 
response to RNA. Table 6 shows that activation 
with RNA or DNA is not affected by the method 
used for removal of nucleic acid from the disrupted 
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cells, and that there is no significant difference in the 
response to the two types of nucleic acid by pre- 
parations treated with ribonuclease or deoxyribo- 
nuclease. 

Nucleic acid preparations from sources other than 
Staph. aureus have been tested, and the following 
found to be without significant effect when tested in 
concentrations of up to 0-3 mg./ml.: whole nucleic 
acid from Ps. aeruginosa or Cl. welchii; DNA from 
thymus, wheat germ or herring roe; RNA from 
Saccharomyces cerevisiae or ox liver. Nucleic acid 
from another strain of Staph. aureus had signific- 
antly the same activity as that from the strain 
Duncan used for the preparation of the disrupted 
cells. It is shown in the following paper (Gale & 
Folkes, 1955) that a mixture of purines and pyri- 
midines is as effective as RNA in stimulating the 
development of certain enzymes in disrupted cell 
preparations; the same mixture had little or no 
activity (amounting to less than 5% of the effect 
produced by RNA) in the incorporation experi- 
ments. 

If staphylococcal nucleic acid preparations are 
digested with the corresponding nuclease and the 
nucleic acid then reprecipitated and dialysed (as 
described above for the whole nucleic acid tests), the 
activity of the preparations is lost. However, if the 
complete digests are added to disrupted cells, the 
stimulating effect on incorporation remains and 
may even be enhanced. Consequently the material 
involved in stimulating incorporation cannot be the 
complete nucleic acid structure; the nature of the 
active material will be dealt with in a later com- 
munication. 


Incorporation of 4C-labelled amino acids 
by disrupted cell preparations 


Incorporation of {carboxy-“C]glycine. Experi- 
ments similar to those described above for glutamic 
acid have been carried out with glycine, incorpora- 
tion into the protein fraction of disrupted cells 
being investigated only. The results are qualita- 
tively similar to those found for glutamic acid: 
incorporation under condition 1 requires provision 
of an energy source and ceases when equilibrium 
is attained; under condition 2 incorporation con- 
tinues in a linear fashion for some hours; depletion 
of the nucleic acid content of the cell preparation 
decreases the rate of incorporation and this can then 
be stimulated by addition of either RNA or DNA. 
When the investigations on nucleic acid stimulation 
were carried out, it was noticed that the response 
of any given cell preparation was greater when 
incorporation of glycine was measured than whea 
glutamic acid was studied. Consequently the 
nucleic acid effects were tested on the rates of 
incorporation of a number of labelled amino 


acids. 
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Nucleic acid effects; effect of time of exposure to 
supersonic vibration. It is shown in Table 1 that the 
degree of nucleic acid depletion of fraction 2 is 
affected by the time of exposure to supersonic 
vibration. In the course of the studies described 
above it was also found that the degree of stimula- 
tion of the incorporation of either glutamic acid 
or glycine increased with the time of exposure; 
Table 1 gives typical figures for the stimulation of 
glycine incorporation. The rate of incorporation 
measured in the presence of a saturation concentra- 
tion of nucleic acid remains approximately constant 
whatever the time of exposure, but the rate in the 
absence of added nucleic acid decreases with ex- 
posure time; if the latter rate is expressed as a 
percentage of the former, the figure obtained can be 
used as an indication of the degree of nucleic acid 
depletion or ‘resolution’ of the disrupted cell pre- 
paration. Fig. 9 shows the effect of exposure time on 
the subsequent ‘resolution’ when determined with 
respect to the rates of incorporation of a number of 
labelled amino acids. 

It is clear that the degree of ‘resolution’ obtained 
varies with the amino acid whose incorporation is 
studied. Glycine and also aspartic acid show nucleic 
acid effects soon after cell rupture begins; pheny]l- 
alanine and glutamic acid show marked ‘resolution’ 
only when disintegration has proceeded for some 
time; lysine shows a small stimulation by nucleic 
acid when exposure is continued until almost 
complete disintegration has occurred, but no effect 
of nucleic acid has been demonstrable on alanine 
incorporation under any condition yet tested. The 
results shown in Fig. 9 were obtained with disrupted 
cell preparations from which nucleic acid was 
removed by incubation with M-NaCl; Table 7 shows 
results obtained with a preparation exposed to 
supersonic vibration for 40 min. and then incubated 
with either ribo- or deoxyribo-nuclease. The in- 
corporation of glycine is reduced to approx. 17 % of 
that attained in the presence of nucleic acid while 
the incorporation of alanine is, if affected at all, 
slightly inhibited by the addition of nucleic acid. 
Inspection of the degree of ‘resolution’ obtained in 
different experiments and by different procedures 
shows that, although the general trend is the same 
(i.e. glycine, aspartic acid and arginine show effects 
under moderate treatment whereas tyrosine, lysine 
and alanine show little or no ‘resolution’ even under 
drastic treatment), each amino acid has to be con- 
sidered separately, and results obtained with any 
one of the amino acids tested differ from those 
obtained with any other. The differing specific 
activities and availabilities of the various labelled 
amino acids used has meant that degrees of ‘resolu- 
tion’ have not been tested in all cases under the same 
conditions of amino acid concentration (see Table 7) ; 
in the case of glutamic acid, however, it has been 
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shown that the degree of ‘resolution’ is not affected 
by the amino acid concentration over the range 
0-03—0-3 pmole/ml. Table 7 also shows the relative 
rates of incorporation and it would appear that 
there is no correlation between this rate and ease of 
‘resolution’. 

The degree of ‘resolution’ towards any one amino 
acid is easily and quickly determined and gives 
a measure of the efficiency of the disintegration and 
nucleic acid depletion procedures. It is now custom- 
ary to check the ‘resolution’ towards glycine at 
intervals and adjust the period of exposure to 
supersonic vibration to that time necessary to give 
a nucleic acid stimulation of 3-400% or greater 
(stage C—D, Table 1). The yield of fraction 2 de- 
creases with continued exposure and, at stage D, 
may be less than 1 % of the original suspension. In 
Fig. 9 stage D is reached after an exposure of 50- 
55 min. and these results were obtained with an old 
transducer assembly that shortly after became in- 
effective. With newly assembled and efficient 
apparatus, stage D may be reached in 20-25 min. 
exposure, further exposure resulting either in 
complete fragmentation of the cells or destruction 
of the activity of fraction 2 even in the presence of 
nucleic acid. 

Effect of nucleic acid on the incorporation of labelled 
amino acids in the presence of a complete amino acid 
mixture. The results described above for the varying 
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Fig. 9. Effect of duration of exposure to supersonic vibra- 
tion on subsequent ‘resolution’ of disrupted cell prepara- 
tion with respect to incorporation of various amino acids. 
Cell suspension exposed to supersonic vibration for period 
shown, fraction 2 separated and extracted with m-NaCl 
for 1 hr. at 37°. Incorporation tested under condition 1 in 
all cases with concentration of added amino acid as in 
Table 7; radioactivity estimated after incubation for 
90 min. at 37° in presence (A) of 0-1 mg. nucleic acid/ml. 
and in absence (B) of added nucleic acid. ‘Resolution’ 
(%) =100 (4 - B)/A. 


Table 7. Effect of nucleic acids on rate of incorporation cf various 
4C-labelled amino acids 


Disrupted cell preparation: fraction 2, stage C, 40 min. exposure; nucleic acid depleted by pretreatment for 1 hr. at 37° 
as below. Preparation incubated with ATP, HDP and labelled amino acid as below, with and without 0-1 mg. nucleic 
acid/ml. for 1 hr. at 37°; counts determined on dried protein fraction. 

Relative total incorporation =incorporation in presence of nucleic acid corrected to specific activity of 1-0 mc/m-mole. 


M4C-labelled amino acid 
A 


Rate of incorporation (counts/min./mg./hr.) 
A. 





"~ 
Conen. Spec. act. Fraction Increase Relative 
Pretreatment (umole/ (mc/ Fraction +nucleic due to NA _ total in- 
of fraction ml.) m-mole) alone acid (NA) (%) corporation 

M-NaCl Glycine 0-03 2-7 359 1126 215 418 
Aspartic acid 0-025 4-0 520 999 92 250 

Arginine 0-02 6-0 300 573 91 94 

Phenylalanine 0-08 1-2 125 219 75 182 

Glutamic acid 0-035 0-9 178 267 50 299 

Proline 0-027 5-0 385 548 42 110 

Tyrosine 0-02 9-0 656 799 22 89 

Lysine 0-02 6-0 3758 3239 (-14) 539 

Alanine 0-02 3-0 2018 1614 ( — 20) 538 

Ribonuclease Glycine 0-03 2-7 258 1632 471 567 
100 vg./ml. Arginine 0-02 6-0 260 658 150 109 
Glutamic acid 0-03 0-9 189 231 22 256 

Tyrosine 0-02 9-0 562 528 (-3) 59 

Alanine 0-02 3-0 1161 973 (-16) 327 

Deoxyribonuclease Glycine 0-03 2-7 247 1536 520 564 
30 pg./ml. Arginine 0-02 6-0 260 705 171 117 
Glutamic acid 0-03 0-9 185 258 40 286 

Tyrosine 0-02 9-0 579 530 (-8) 59 

Alanine 0-02 3-0 1118 800 ( -— 28) 274 
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Table 8. Effect of nucleic acids on incorporation of labelled amino acids in the presence of 
a complete amino acid mixture 





Disrupted cell preparation: fraction 2, stage C, extracted with M-NaCl. Preparation incubated for 90 min. at 37° in 
presence of ATP, HDP and amino acid mixture A, all components other than those shown below at a final concentration of 
1-6 mg. each L isomer/3-5 ml.; glycine, glutamic acid, 1 pmole/ml.; aspartic acid, alanine, 0-5mole/ml. In four parallel 
samples, one amino acid (as below) labelled with “C. In all cases, effect was studied of addition of either 0-05 mg. DNA/ml. 


or 0-1 mg. RNA/ml. and incorporation estimated by counts/min. of dried protein fractions. 


Incorporation Percentage increase in incorporation 





Specific in absence of in presence of 
4C_labelled amino activity added nucleic acid s A —__________ 
acid in mixture A (mc/m-mole) (counts/min./mg.) DNA RNA 

Glycine 0-34 285 180 123 
Aspartic acid 0-31 257 120 81 
Glutamic acid 0-11 102 94 64 
Alanine 0-23 240 6 0 


Table 9. Effect of certain antibiotics on incorporation of amino acids by disrupted cells 
Disrupted cell preparation: fraction 2, stage B. Incubation at 37° for 1 hr. in presence of ATP, HDP and amino acids 
as below; antibiotics added at final concentration of 100ug./ml. Counts carried out on cold TCA (5%) precipitates of 


preparation after drying. 
Percentage inhibition of incorporation by 





a 
Specific Incorporation Chloram- 

Conen. activity (counts/ phenicol Bacitracin Penicillin 

Amino acid (umole/ml.) (mc/m-mole) min./mg.) 100 vg./ml. 100 yg./ml. 100 pg./ml. 
Glycine 0-06 2-7 1541 40 57 47 
Glutamic acid 0-1 0-9 153 65 48 40 
Alanine 0-015 3-0 434 25 33 20 
Aspartic acid 0-03 4-0 559 79 22 12 
Phenylalanine 0-06 1-2 104 60 8 6 
Leucine 0-02 6-0 851 83 2 0 
Arginine 0-02 6-0 412 35 0 0 
Lysine 0-015 6-0 1294 49 — 0 
Tyrosine 0-01 9-0 164 82 — ~- 
Proline 0-02 5-0 186 72 — ao 


effects of nucleic acid on incorporation processes 
were all obtained under condition 1, when the amino 
acid studied was the only one added to the incuba- 
tion medium. Fig. 7 shows that nucleic acid also 
stimulates the incorporation of [4C]glutamic acid 
under condition 2 when increase in protein-nitrogen 
can be demonstrated. The question arises whether 
the effect of nucleic acid under condition 2 can be 
taken as an effect on protein synthesis, in which 
case it might be expected that the effect would not 
differ with the particular amino acid studied. To 
test this point, salt-extracted fraction 2 at stage C 
was incubated with ATP, HDP and a complete 
amino acid mixture of which, in separate but other- 
wise identical samples, either glycine or aspartic 
acid or glutamic acid or alanine was labelled with 
140, The effect of addition of nucleic acid on the rate 
of incorporation of radioactivity into the protein 
Fig. 10. Effect of chloramphenicol on incorporation of was then determined; Table 8 shows that the effects 
various amino acids under condition 1. Disrupted cell again varied with the radioactive amino acid studied, 
preparation: fraction 2, stage B. Incubation carried out S ciidintin dilaeiathimens aibeat Meck lei <3 eftent anil 
for 90 min. at 37° under condition 1 with concentrations 8 YM wing ee ee 
of amino acids as in Table 7. Curve 1, alanine; 2, glycine; alanine showing er 
3, glutamic acid; 4, leucine. Curve 5 shows effect of Effect of antibiotics. Fig. 10 shows the effect of 
chloramphenicol on the rate of incorporation of 


chloramphenicol on net protein synthesis under con- 
dition 2. various amino acids each tested under condition I. 


Inhibition (%) 





0 1 2 
Log. chloramphenicol concn. (ug./ml.) 
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In each case the incorporation is 15-25 % inhibited 
by 3yg. chloramphenicol/ml. but the inhibition 
ceases at a plateau level the position of which differs 
with different amino acids. The shapes of the 
inhibition curves are thus very similar to those 
obtained for the inhibition by penicillin of incorpora- 
tion processes towards certain amino acids (Gale & 
Folkes, 1953a). Fig. 10 also shows the effect of 
chloramphenicol on the synthesis of protein by 
disrupted cell preparations (Gale & Folkes, 1955), 
and it can be seen that this process is significantly 
more sensitive to the antibiotic than any of the 
individual incorporation processes studied. 

Inhibition curves showing plateaux over a wide 
range of inhibitor are typical of the effects of certain 
antibiotics on amino acid incorporation processes. 
Table 9 shows the inhibitions obtained at plateau 
concentrations of chloramphenicol, penicillin and 
bacitracin for incorporation of a number of amino 
acids. It is clear that the various processes again 
react independently of each other. 

DISCUSSION 

One of the fundamental questions underlying 
studies of protein metabolism by the use of isotopes is 
whether the incorporation of a labelled amino acid, 
that occurs when a biological preparation is incu- 
bated with a single such amino acid (condition 1 of 
these studies), takes place as a result of protein 
synthesis or an exchange reaction. In the staphy- 
lococeal preparations described in these papers, it is 
not possible to demonstrate net synthesis of protein 
unless a mixture of amino acids is included in the 
incubation mixture (condition 2). Under condition 1 
it is frequently the case that no change, either loss or 
gain, is demonstrable in the protein-nitrogen of the 
preparation and in Fig. 5 it has been shown that no 
loss of incorporated [!C]glutamic acid residues 
occurs during incubation with energy source or 
with amino acid in the absence of energy source. 
Podolsky (1953) has shown in the case of Esch. coli 
that the rate of protein degradation under a number 
of conditions amounts to 8-10 % in 30 hr. Never- 
theless, it is possible that incorporation under 
condition 1 may occur by a process of protein 
synthesis exactly balanced by protein breakdown. 
The present series of studies (Gale & Folkes, 
1953a, b; Gale, 1953; this paper) have established 
the following facts: 

(a) The rate of incorporation of a given C- 
labelled amino acid varies with the composition of 
the incubation mixture and with the presence of 
inhibitors in a manner not correlated with the rate of 
net protein synthesis. 

(b) Under condition 2 protein synthesis can be 
inhibited without any corresponding change in the 
rate of incorporation of glutamic acid. 

(c) The incorporation of [!4C]glutamic acid is less 
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sensitive than protein synthesis to chloramphenicol 
or aureomycin and more sensitive to penicillin or 
bacitracin. 

(d) In intact staphylococci under condition 1, 
increasing specific activity of the protein is accom- 
panied by decreasing specific activity of the free 
amino acid within the amino acid pool, quantities 
remaining unchanged. 

(e) Under condition 1 incorporation ceases when 
a condition of equilibrium is established between the 
protein and the medium. 

(f) In disrupted cells the rate of incorporation of 
[#4C]glutamic acid is markedly decreased by the 
addition of other amino acids. The data presented 
in Fig. 4 could be interpreted in the sense that the 
amino acid mixture competitively inhibits the 
incorporation of glutamic acid. 

(g) Preparations rendered radioactive by in- 
corporation of [14C]glutamic acid lose radioactivity 
by subsequent incubation with [!*C]glutamic acid 
and an energy source but not with either alone. 

(h) The rate of incorporation of a given amino acid 
is affected by the presence of nucleic acids or anti- 
biotics in a way specific for that amino acid and not 
dependent upon the effects on protein synthesis. 

It is clear that the rate of incorporation of a 
labelled amino acid cannot be taken as a measure of 
the rate of net protein synthesis, although some of 
the findings (a, b, c, e) could be explained on a basis 
of balanced breakdown and synthesis, especially if 
different rates of synthesis of different proteins 
were invoked. This explanation could also explain 
both the loss of radioactivity during incubation 
with an energy source and [!#C]glutamic acid, and 
no loss during incubation with an energy source 
alone (g), although it would then be expected that 
incubation in the absence of an energy source 
should lead to loss of radioactivity as a result of 
unbalanced protein breakdown. The effects of 
antibiotics (c, h) are difficult to explain on a basis of 
protein synthesis, although the complexity of the 
protein composition of a bacterial cell might be 
invoked as a reason for the absence of any obvious 
explanation. Nevertheless, all the experimental 
findings are in accord with the hypothesis that the 
incorporation of a single amino acid under condition 
1 is a process involving that amino acid alone, and 
arises from substitution of corresponding residues 
in preformed protein by molecules of that amino 
acid, labelled or otherwise, in the medium. Since 
a source of energy is required before substitution 
will take place, it is probable that the underlying 
exchange reaction relates to derivatives rather than 
to the free amino acids themselves. Quantitative 
considerations indicate that only a small proportion 
of the total protein of the preparations used can 
enter into such exchange reactions, and the 
question arises as to the nature of these proteins. 
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Removal of nucleic acid from disrupted cell pre- 
parations decreases the incorporation and, although 
incorporation has never been completely abolished 
in this way, it has been reduced to 10 % of the initial 
and then fully restored by adding nucleic acid to 
the depleted preparation. It thus appears that 
incorporation by exchange occurs only in nucleo- 
proteins and that nucleic acid plays a part in the 
process. Fig. 7 shows that nucleic acid affects not 
only the rate of exchange but also the amount that 
can occur, and it would appear that nucleic acid 
controls the amount of protein in which exchange 
takes place rather than the rate of exchange with 
available protein. Activation of incorporation is 
given by either RNA or DNA from staphylococci, 
although nucleic acids from other sources have 
proved inactive. Preliminary evidence has been 
obtained that it is not the whole nucleic acid 
structure which is active in the incorporation of a 
single amino acid. Disrupted cell preparations 
retain many synthetic abilities, including those 
involved in thesynthesis of nucleic acid from purines, 
pyrimidines and amino acids (Gale & Folkes, 1955), 
and it is not yet possible to say whether the activity 
in incorporation experiments of nucleic acid digests 
is due to specific components within the digest or to 
resynthesis of complete nucleic acid therefrom. 
This matter is now being investigated. The differing 
nucleic acid effects obtained with different amino 
acids (Fig. 9) may be explained if the incorporation 
of specific amino acids is controlled by specific 
fragments of nucleic acid, some of which are more 
readily damaged than others. The plateaux ob- 
tained in inhibition curves for the effects of anti- 
biotics on incorporation processes would suggest 
that each process involves at least two steps and 
a further connexion between these processes and 
nucleic acid fragments is indicated by the fact that 
penicillin, which inhibits incorporation of certain 
amino acids only, gives rise in the growing cell to the 
accumulation of specific nucleotide-like substances 
(Park, 1952). 

Incorporation involves a relationship between 
portions of protein and portions of nucleic acid. 
Any hypothesis concerning the mechanism of in- 
corporation must await characterization of those 
portions. A number of authors (Haurowitz, 1950; 
Dounce, 1951; Gale, 1953; Delbriick, 1954) have 
pointed out that specific combinations of nucleo- 
tides in a nucleic acid molecule could relate to 
specific amino acid positions in a protein molecule 
so that one could act as a model or template for the 
other. It is a part of such theories that amino acids 
can be adsorbed or combined at specific sites on 
nucleic acid as a stage in protein synthesis, and that 
peptide bond formation follows organization of the 
amino acids in this way. If the situation is a 
dynamic one and preformed proteins can enter into 
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a similar relationship with nucleic acids, then 
presumably a position will arise in which individual 
residues will be combined with their specific sites on 
the nucleic acid and not through peptide bonds with 
other amino acids. In such a case exchange of an 
individual residue with a corresponding one in the 
environment could clearly take place, and this 
process could occur without the net protein syn- 
thesis which would result when all the necessary 
amino acids were available. The properties of the 
exchange reaction would thus be largely determined 
by those of the amino acid and its specific combining 
site, and it would be reasonable to expect that these 
would differ from amino acid to amino acid. 
Exchange reactions may thus be a property of the 
protein-forming mechanism and their investigation 
thus lead to elucidation of the latter. 


SUMMARY 


1. A sedimentable fraction, consisting of dis- 
rupted cells, capable of incorporating a number of 
14C-labelled amino acids, has been prepared from 
suspensions of Staphylococcus aureus after exposure 
in a sucrose medium to supersonic vibration. 

2. Incorporation of [!4C]glutamic acid requires 
a source of energy which can be supplied by adeno- 
sine triphosphate (ATP) and hexose diphosphate 
(HDP). 

3. When glutamic acid is the only amino acid 
added to the incubation mixture, incorporation 
ceases when only a fraction of the added amino acid 
has been incorporated; when the concentration of 
added amino acid is low the incorporation ceases at 
a level dependent upon that concentration. 

4. Preparations rendered radioactive by in- 
corporation of [14C]glutamic acid lose radioactivity 
if subsequently incubated with [?2C]glutamic acid 
and ATP+HDP but not with [!2C]glutamic acid 
alone, ATP +HDP alone, or [#C]glycine or [C]- 
aspartic acid and ATP + HDP. 

5. Inthe presence of a complete mixture of amino 
acids, the incorporation of [!C]glutamic acid 
proceeds linearly for some hours and is accompanied 
by a significant increase in protein-nitrogen. 

6. Depletion of the nucleic acid content of the 
disrupted cell preparation results in marked decrease 
in the rate and amount of incorporation ; incorpora- 
tion can be restored in such preparations by addi- 
tion of staphylococcal nucleic acid, deoxyribo- 
nucleic acid being more active than ribonucleic acid 
on a dry weight basis. 

7. The degree of inactivation of incorporation, 
and subsequent activation by nucleic acids, depends 
upon (a) the time of exposure of the cells to super- 
sonic vibration during disintegration and (b) the 
amino acid incorporated. 

8. Incorporation is inhibited by chlorampheni- 
col, bacitracin and penicillin but the sensitivity 
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varies with different amino acids. In all cases 
studied, inhibition ceases at a plateau value which 
again varies with the individual amino acid con- 
cerned. 


We are indebted to Dr B. A. Newton for taking the 
electronmicrographs shown in PI. 1. 
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The rate of protein synthesis has been associated 
with the nucleic acid content of cells in a number of 
studies (Brachet, 1941; Caspersson, 1941, 1947; 
Jeener & Brachet, 1944; Malmgren & Heden, 1947; 
Caldwell, Mackor & Hinshelwood, 1950; Mitchell & 
Moyle, 1951; Jeener, 1952a,b; Jeener & Jeener, 
1952; Northrop, 1952; Price, 1952; Wade, 1952; 
Gale & Folkes, 1953a), and a number of authors 
have suggested that nucleic acid plays a role, 
possibly as a template, in the synthesis of protein 
(Haurowitz, 1950; Caldwell & Hinshelwood, 1950; 
Dounce, 1952; Gale, 1953, 1955; Rich & Watson, 
1954). In the present paper a direct effect of 
nucleic acids on the ‘development’ of certain 
enzyme systems in disrupted staphylococcal cells is 
shown. 

In washed suspensions of intact Staphylococcus 
aureus, protein synthesis will occur only if a com- 
plete mixture of the amino acids essential for growth 
is provided; the rate of synthesis can be markedly 
stimulated by the addition of a mixture of purines 
and pyrimidines to the medium and is directly 


proportional to the nucleic acid content of the cells 
(Gale & Folkes, 1953a). If a single amino acid is 
added to the incubation medium, then no synthesis 
of protein can be demonstrated, but accumulation 
of the free amino acid takes place within the cell; if 
the amino acid is labelled with “C, then incorpora- 
tion of the label into the protein of the cell can be 
shown whether protein synthesis is demonstrable or 
not (Gale & Folkes, 1953c). In the previous paper of 
this series (Gale & Folkes, 1955) it has been shown 
that incorporation of [!4C]glutamic acid into the 
protein of disrupted staphylococcal cells is de- 
pendent upon, and activated by, nucleic acid 
derived from staphylococci. It was also shown that 
the rate of incorporation of a single labelled amino 
acid cannot be taken as a measure of protein syn- 
thesis and that, even under conditions in which 
protein synthesis is occurring, the effect of nucleic 
acids upon incorporation varies with the particular 
amino acid whose incorporation is being measured. 
Consequently, such studies are not suitable for the 
investigation of protein synthesis as such, and the 
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present communication describes the effect of 
nucleic acids on the development of enzyme activi- 
ties in disrupted cells. 

Of the enzymes whose formation is studied below, 
B-galactosidase is an induceable enzyme whose 
formation in Escherichia coli has been the subject of 
detailed investigation by Monod & Cohn (see reviews 
by Monod & Cohn, 1952, 1953). The enzyme in 
intact Staph. aureus differs somewhat in properties 
from that in Esch. coli and has been studied by 
Creaser (1955), who finds that galactose is the most 
efficient inducer of B-galactosidase formation in 
staphylococci. 


METHODS 


Preparation of nucleic acid-depleted disrupted cells. Dis- 
rupted cell preparations were made as described in the 
previous paper (Gale & Folkes, 1955). Nucleic acid was 
extracted from the preparations by incubation for 1 hr. at 
37° with M-NaCl; in the previous paper it was shown that the 
degree of depletion of nucleic acid by this treatment was 
largely controlled by the time of exposure to supersonic 
vibration and three types of preparation, corresponding to 
stages B, C and D of Table 1 (Gale & Folkes, 1955) have been 
used. In genera], protein synthesis will occur in all three 
types of preparation but, whereas it is unaffected by nucleic 
acid at stage B, it becomes increasingly dependent upon 
nucleic acid at stages C and D, as shown below. 

Incubation mixtures. In general, the conditions of incu- 
bation corresponded to condition 2 of the previous paper 
with amounts and concentrations of ATP, HDP, amino acid 
mixture A and nucleic acids as there described. Cozymase 
solution (0-1 ml.) containing 100 ug. DPN was added to the 
incubation mixture in all experiments. In some cases, 
nucleic acid has been replaced by 0-1 ml. of a purine— 
pyrimidine mixture (PP) containing 1-0 mg. of each of the 
following/ml.: adenine, guanine, hypoxanthine, uracil, 
xanthine, thymine. 

Development of enzymes. In general, disrupted cell pre- 
parations were incubated for 90-120 min. at 37° in the 
incubation mixture in 15 ml. centrifuge tubes. The disrupted 
cells were then centrifuged down for 15 min. at 4000 g, 
washed once in buffered saline and suspended in water at 
a concentration suitable for estimation of enzyme activity. 

Estimation of ‘glucozymase’ activity. Warburg mano- 
meters were set up containing 1-0 ml. 0-03M-NaHCO, in the 
main cup and 0-5 ml. 1% (w/v) glucose in the side bulb; 
the disrupted cell preparation (1-5 ml.) containing approx. 
3-4 mg. dry wt. of preparation was added to the main cup 
and the manometers filled with N, containing 5% CO, 
before equilibration at 37°. After the glucose was mixed 
with the contents of the main cup, the evolution of gas was 
studied for 60 min. The ‘glucozymase’ activity is expressed 
as pl. CO, evolved from glucose in this system (=acid 
production)/hr./mg. dry wt. of preparation. 

Estimation of catalase activity. Warburg manometers were 
set up containing 1-0 ml. 0-05m phosphate buffer pH 6-2 in 
the main cup and 0-5 ml. ‘9 volume’ hydrogen peroxide 
solution in the side bulb; the test preparation (1-0 ml.) 
containing approx. 0-005 mg. disrupted cells was added to 
the main cup. The manometers were equilibrated in a bath 
at room temp., the peroxide added to the main cup and 
readings taken every 2 min. for 10 min. The gas evolution 
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was generally linear from 2-8 min. aftor tipping in the sub- 
strate and the catalase activity calculated from this linear 
evolution. When the activity of the centrifuged and washed 
preparation was compared with that of an equivalent 
amount in the incubation medium, it was found that a loss of 
10-15% occurred during the washing procedure; conse- 
quently a sample of incubation mixture was diluted with 
water until 1-0 ml. suspension contained 0-005 mg. dis- 
rupted cells, and activity was estimated directly on this 
diluted suspension. The presence of traces of components of 
the incubation mixture had no effect on catalase activity 
during estimation, and this procedure was therefore adopted 
for most of the experiments recorded. 

Estimation of B-galactosidase activity. Ledeberg (1950) 
showed that B-galactosidase activity can be estimated 
readily by the action of the enzyme in liberating o-nitro- 
phenol from o-nitrophenyl f-galactoside (NPG). This 
method, as modified by Creaser (1955), has been used in the 
present studies. For each estimation the following reagents 
are put into 15 ml. centrifuge tubes: 2-0 ml. 0-2m phosphate 
buffer pH 7-5, 1-0 ml. cysteine (10 mg./ml.) and 1-0 ml. 
o-nitrophenyl f-galactoside (10 mg./ml.). After equilibra- 
tion at 37°, 1-0 ml. of disrupted cell preparation (approx. 
1 mg. dry wt.) is added and incubation continued for 30 min. 
The tubes are then cooled in ice, the preparation centrifuged 
down and the colour developed estimated at 420 my. in 
a Beckman spectrophotometer. The colour developed is 
standardized against nitrophenol, and £-galactosidase 
activity expressed as pmoles NPG hydrolysed/hr./mg. dry 
wt. of preparation. 

Incorporation of (}4Cjuracil. In certain experiments, the 
mixture PP was replaced by an equivalent purine—pyri- 
midine mixture containing ['C]uracil. The radioactive 
uracil was worked up from residues of Chlorella grown in 
14CO, and supplied by the Radiochemical Centre, Amersham. 
After incubation, the disrupted cell preparation was pre- 
cipitated with 5% trichloroacetic acid (TCA) in the cold, 
left in the ice-chest for 2 hr., centrifuged down, washed with 
cold TCA and acetic acid as described by Gale & Folkes 
(19536) and the dried preparation counted. Extraction of 
the precipitate with 5% TCA at 90° for 15 min. removed 
98 % of the radioactivity. 

Expression of activities. In the majority of the experi- 
ments described, an increase in the protein content of the 
cell preparation occurs in the course of the incubation. 
Enzymic activities are expressed in terms of the initial dry 
weight of preparation used. 


RESULTS 
Development of *glucozymase’ activity 


Disrupted cell preparations retain the ability to 
produce acid from glucose; preparations corre- 
sponding to stages B, C and D have ‘glucozymase’ 
activities (Q¢:) of the order of 60, 30 and 15 
respectively. These activities can be increased to 
100-140 by incubation for 90-120 min. under 
appropriate conditions. The activity of stage B 
preparations can be developed by incubation with 
amino acid mixture A and the addition of nucleic 
acids has little or no effect; at stages C and D the 
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development. Fig. 1 summarizes the conditions 
affecting the development in a typical stage D 
preparation and shows that stimulation of ‘gluco- 
zymase’ formation is given by the addition of 
ribonucleic acid (RNA), deoxyribonucleic acid 
(DNA) or PP. Of the three additions, PP is the 
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Fig. 1. Development of ‘glucozymase’ activity in dis- 
rupted cell preparations. Disrupted cell preparation: 
fraction 2, stage D extracted with m-NaCl, incubated at 
suspension density 0-4 mg. dry wt./ml. in buffered salt 
solution pH 6-25 with additions as shown for 90 min. at 
37°; preparation then centrifuged down, washed once and 
‘glucozymase’ activity estimated. Concentrations during 
incubation: ATP, 2ymoles; HDP, 18umoles; DNA, 
0-4 mg.; RNA, 0-4 mg.; PP, 100ug. each component; 
chloramphenicol, 105 yg./3-5 ml. CO, acid =CO, liber- 
ated from bicarbonate buffer by acid produced in the 
fermentation. 
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Fig. 2. Effect of concentration of nucleic acid on develop- 
ment of ‘glucozymase’. Conditions as for Fig. 1 with 
nucleic acid concentrations as shown, ATP, HDP and 
amino acid mixture A present in all cases. 
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most effective and the further addition of RNA or 
DNA does not increase its stimulative effect. 
Whether PP or nucleic acids are present or not, the 
development of activity is abolished by omission of 
the amino acid mixture or by addition of chloram- 
phenicol at a concentration (30yg./ml.), which 
inhibits protein synthesis (Gale & Folkes, 1953). 

Fig. 2 shows the effect of concentration of RNA or 
DNA on ‘glucozymase’ development under these 
conditions; the concentrations giving maximal 
effect are similar to those required for maximal 
activation of the incorporation of [*C]glutamic acid 
in disrupted cell preparations (Gale & Folkes, 1955). 
Fig. 3 shows that the development is approximately 
linear for 2 hr. although the stimulation produced by 
PP and RNA decreases with time. 


Development of catalase activity 


The conditions controlling the development of 
catalase activity in disrupted cell preparations 
again differ according to the degree of nucleic acid 
depletion of the preparations. At stage B the 
catalase activity can be doubled by incubation for 
90 min. with amino acid mixture A, and nucleic 
acids have little or no effect. Fig. 4 shows the 
effects obtained at stages C and D; at both stages 
there is little or no increase in activity as a result of 
incubation with amino acids alone and, in contrast 
with ‘glucozymase’ development, the addition of 
PP has no stimulatory effect although, in some 
experiments, it has been found to have a small 
inhibitory effect. At stage C catalase development 
is markedly stimulated by RNA, while DNA has 
little effect either alone or in the presence of RNA; 
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Fig. 3. Course of ‘glucozymase’ development in disrupted 
cells. Conditions as for Fig. 2 with nucleic acid additions 
as: 1, no addition; 2, 0-2 mg. DNA/3-5 ml.; 3, 0-4 mg. 
RNA/3-5 ml.; 4, PP mixture, 100g. each component/ 
3-5 ml. 
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Fig. 5 shows the time course of the development 
under these conditions, and it can be seen that 
whereas the stimulation by RNA is constant 
throughout the 3hr. incubation, DNA has no 
marked effect until the third hour of incubation, by 
which time many alterations may have occurred in 
the basic system. PP is found to reduce the effect of 
RNA but Fig. 4 shows that PP+DNA are more 
effective than either alone; on two out of eleven tests 
under these conditions, PP-+DNA proved more 
effective than RNA alone. Omission of the amino 
acid mixture A or addition of 30 ng. chlorampheni- 
col/ml. to the incubation mixture abolishes the 
increase in catalase activity under any condition 
tested. 

As the nucleic acid content of the disrupted cell 
preparation decreases, RNA becomes less effective 
in stimulating catalase development. Fig. 4 shows 
that, at stage D, DNA shows a significant stimula- 
tion, greater than that of RNA, while RNA and 
DNA together show an increased, possibly additive, 
effect. At this stage, concentrations of added 
nucleic acid become critical and it is necessary to 
test effects over a range of nucleic acid concentra- 
tions; Fig. 4 shows optimum effects in each case, 
while Fig. 6 shows the variation in these effects with 
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Fig. 4. Development of (a) catalase and (b) B-galactosidase 
activity in disrupted cell preparations at progressive 
stages of nucleic acid depletion. Conditions as for Fig. 1 
except that DNA concentration was 0-05 mg./3-5 ml. and 
medium for £-galactosidase development contained 2% 
(w/v) galactose. Initial dry wt. of preparation/3-5 ml.: 
stage C, 0-65 mg. for catalase, 1-2 mg. for B-galactosidase; 
stage D,0-4 mg. in both cases. Disrupted cell preparations 
extracted with m-NaCl before incubation. 
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nucleic acid concentration. The optimum concen- 
tration of DNA appears to be critical and varies 
between 0-01 and 0-06 mg./ml. with different pre- 
parations; in the particular experiment shown in 
Fig. 6, 0-17 mg. dry wt. of disrupted cells/ml. was 
best activated by 0-03 mg. DNA/ml. while 2-3 
times that concentration of DNA was without effect. 
Low concentrations of DNA (0-02—0-04 mg./ml.) 
increase the stimulation due to RNA, although the 
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Fig. 5. Time course of catalase development in disrupted 
cells. Conditions as for Fig. 4 with stage C preparation 
extracted with M-NaCl. Incubation medium contained 
ATP, HDP and amino acid mixture A in all cases, with 
following additions: curve 1, none; 2, 0-05 mg. DNA/ 
3-5 ml.; 3, 0-4 mg. RNA/3-5 ml. Dry wt. of preparation 
used, 0-63 mg./3-5 ml. 
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Fig. 6. Effect of nucleic acids on development of catalase in 
disrupted cell preparations highly depleted of nucleic 
acid. Preparation: disrupted cells, fraction 2 stage D, 
extracted with m-NaCl, jncubated at 0-6 mg./3-5 ml.; 
conditions as for Fig. 4 with nucleic acid additions as 
shown. 
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action of RNA and DNA together is almost additive, 
0-015 mg. DNA/ml. + 0-15 mg. RNA/ml. being 26 % 
more effective together than the sum of their 
separate effects. In the presence of higher concen- 
trations of DNA, RNA+ DNA become less effective 
than RNA alone. At stage D, the response of the 
preparation to either RNA or DNA is abolished by 
the presence of either ribonuclease or deoxyribo- 
nuclease (10-30 yg./ml.) in the incubation mixture. 
At stage C, however, the response to RNA is 
reduced by 30-40% but not abolished by the 
presence of ribonuclease, and a mild alkali digest 
of RNA is as effective as RNA itself. Ox liver 
RNA was without effect on catalase development, 
while RNA prepared from another strain of Staph. 
aureus had less than 10% of the activity of RNA 
from strain Duncan used for the preparation of the 
disrupted cells. 


Development of B-galactosidase 


Disrupted cell preparations made from cells 
grown in the usual medium in the absence of gal- 
actose, lactose or other inducer have no f-galacto- 
sidase activity. Incubation with amino acid 
mixture A with or without nucleic acids or PP leads 
to no development of activity unless an inducer is 
added to the incubation mixture. The most effective 
inducer of B-galactosidase activity in intact Staph. 
aureus is galactose (Creaser, 1955) and incubation of 
stage B disrupted cell preparations with amino acid 
mixture A and galactose leads to development of 
the enzyme. Fig. 7 shows that the concentration of 
galactose required for maximal enzyme develop- 
meni is high and a final concentration of 2% has 
been chosen for later experiments. 

As the nucleic acid depletion of the disrupted cells 
increases, the development of f-galactosidase in 
response to amino acids alone decreases. The 
addition of neither RNA nor DNA has any effect on 
stage C preparations but Fig. 4 shows that the 
addition of PP markedly stimulates development. 
RNA has been prepared from cells grown in 
galactose but this is also without effect on the 
development in the presence of amino acid mixture 
A; in the presence of amino acid mixture A and PP 
a high concentration of the ‘adapted’ RNA 
(0-3 mg./ml.) has increased the effect of PP on three 
occasions (once by 75 %) and been without effect on 
nine occasions. Fig. 8 shows the time course of 
B-galactosidase development at this stage; in the 
absence of added PP, the development shows a lag 
period of 20-30min. and the addition of PP 
shortens the lag period and increases the rate of 
development. Once the lag period is over, enzyme 
development continues at a steady rate for up to 
3 hr. incubation. The concentration of PP is not 
critical, the lag period is almost abolished by 
addition of PP at a final concentration of 100 yg. 
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each component/3-5 ml. but the rate of enzyme 
development is significantly the same if the mixture 
is reduced to a concentration of l yg. each com- 
ponent/3-5 ml. Omission of the amino acid mixture 
or addition of 30yg. chloramphenicol/ml. to the 
incubation mixture abolishes development of the 
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Fig. 7. Effect of galactose concentration on development of 
B-galactosidase in disrupted cell preparations. Disrupted 
cell preparation: stage C extracted with m-NaCl, incu- 
bated at 1-2 mg. dry wt./3-5 ml. for 90 min. at 37° in 
presence of ATP, HDP, amino acid mixture A and 
purine—pyrimidine mixture PP (100 wg. each component/ 
3-5 ml.) and galactose as shown; preparation centrifuged 
down and washed before determination of £-galacto- 
sidase activity. 
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Fig. 8. Course of B-galactosidase development and [™C]- 
uracil incorporation in disrupted cell preparations. 
Disrupted cell preparation: stage C extracted with 
m-NaCl, incubated at 0-7 mg. dry wt./3-5 ml. in presence of 
purine—pyrimidine mixture (PP) as follows: curves I, 
la, no PP; curve 2, PP at concentration of lug. each 
component/3-5 ml.; curves 3 and 3a, PP at concentration 
of 100yug. each component/3-5 ml. Continuous lines, 
B-galactosidase activity; broken lines, radioactivity of 
nucleic acid in cell preparations from parallel experiment 
in which PP mixture contained [**C]uracil (specific 
activity 0-7 mc/m-mole) at 0-1 zmole/ml. 
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Table 1. Effect of DNA on development of B-galactosidase by disrupted cell preparations 


Disrupted cell preparations, fraction 2, incubated for 2 hr. at 37° in buffered salt pH 6-25 containing 2% (w/v) galactose 
and amino acid mixture A either alone or with PP at final conc. 100g. each component/ml. DNA added at final cone. 
0-012 mg./ml. DNA (gal), preparation from cells grown in galactose; DNA(glu), preparation from cells grown in glucose. 
At end of incubation, cells centrifuged down, washed once and f-galactosidase activity determined as pmoles NPG 


hydrolysed/hr./mg. dry wt. of disrupted cell preparation. 


B-Galactosidase developed after 
incubation with 
c »~ 
Amino acid 
mixture A + purine— 
pyrimidine mixture 





Amino acid 


Disrupted cell preparation DNA added mixture A (PP) 
Stage C, extracted with M-NaCl None 0-48 1-00 
DNA(glu) 0-38 0-85 

Stage D, extracted with M-NaCl None 0-18 0-44 
DNA(glu) 0-29 1-07 

Stage D, incubated 1 hr. with None 0-02 0-07 
30 ug. deoxyribonuclease/ml. DNA(glu) 0-24 — 
DNA(gal) 0-58 0-78 
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Fig. 9. Effect of duration of exposure to supersonic vibra- 
tion on the conditions affecting development of p- 
galactosidase in disrupted cell preparations. Disrupted 
cell preparations, fraction 2, at each stage extracted with 
m-NaCl before incubation for 2 hr. at 37° in the presence of 
ATP, HDP, amino acid mixture A, galactose and addi- 
tions as follows: curve 1, no addition; curve 2, 0-05 mg. 
DNA/3-5 ml.; curve 3, PP mixture to concentration of 
100 pg. each component/3-5 ml.; curve 4, DNA + PP as in 
(2) and (3). 


The response of stage D disrupted cell prepara- 
tions to amino acids and PP is much less than for 
stage C preparations. Fig. 4 shows that DNA has 
a significant stimulation at stage D and that 
DNA+PP are markedly more effective together 
than either alone. At this stage all responses, 
whether to DNA or PP, are abolished by addition 
of either ribonuclease or deoxyribonuclease (10- 
30 yg./ml.) to the incubation medium. Table 1 
shows that treatment of stage D preparations with 
deoxyribonuclease before incubation abolishes 
subsequent response to amino acid mixture A with 


or without PP but that these responses can be 
restored to normal by addition of 0-012 mg. 
DNA/ml., DNA prepared from cells grown in 
galactose being 2—3 times more effective than DNA 
from glucose-grown cells. 

Fig. 9 shows how the factors controlling the 
development of f-galactosidase in disrupted cell 
preparations change with the period for which the 
preparations were exposed to supersonic vibration. 
It has been shown previously that the nucleic acid 
content of the preparations decreases with the 
length of exposure (Gale & Folkes, 1955). The 
development of enzyme in response to incubation 
with amino acid mixture A decreases with length of 
exposure and although the response is increased by 
the further addition of PP at all stages, the degree of 
PP stimulation also decreases with exposure time. 
In the series shown in Fig. 9 DNA has no significant 
effect in preparations made by exposure of 30 min. 
or less but for longer exposures (giving stage D 
preparations) a marked response to DNA is ob- 
tained. At 40 min. exposure time, the preparations 
are little affected by PP whether in the presence or 
absence of DNA and it is probable that preparations 
at this stage have lost the ability to carry out the 
necessary metabolism of purines and pyrimidines. 
At the penultimate stage, given by 35 min. ex- 
posure, DNA markedly increases the effect of PP in 
the presence of amino acid mixture A. In this 
particular series 40 min. was the longest exposure 
practicable as complete disintegration occurred 
shortly after this time. 


Other systems. The disrupted cell preparations do 
not possess many enzyme systems sufficiently 
active for the type of studies described above. 
Other systems tested but proving unsuitable have 
included galactozymase, invertase, arginine di- 
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hydrolase, lactic dehydrogenase, pyrophosphatase 
and nitratase. 

Changes in protein-nitrogen. Disrupted cell 
preparations at stage D have been incubated for 
90 min. under the usual conditions with (a) amino 
acid mixture A alone, (b) 4+0-1mg. RNA/ml., 
(c) A+0-1 mg. DNA/ml., and (d) A+ PP, and the 
protein-nitrogen content determined before and 
after incubation. Increases obtained in a typical 
case were (a) 2, (b) 31, (c) 21 and (d) 20%. 


Actions of antibiotics 


Chloramphenicol. The development of the three 
enzyme systems studied above is inhibited by 
chloramphenicol; 30yg./ml. gives complete in- 
hibition and 10 pg./ml. gives 95-98 % inhibition in 
all cases. The action is thus strictly comparable with 
the action previously described (Gale & Folkes, 
19536) for the inhibition of net protein synthesis in 
intact Staph. aureus. 

Penicillin and bacitracin. These antibiotics 
appear to be very similar in their inhibitory activi- 
ties and both effect an inhibition of the incorpora- 
tion of specific amino acids into the protein fraction 
of either intact or disrupted cells of Staph. aureus 
(Gale & Folkes, 19536, 1955). Fig. 10 shows the 
action of bacitracin and penicillin on the develop- 
ment of £-galactosidase and catalase in disrupted 
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Fig. 10. Effect of antibiotics on development of catalase 
and £-galactosidase in disrupted cell preparations. 
Disrupted cell preparations used at stage C’ extracted 
with m-NaCl and incubated for 90 min. under conditions 
optimum for enzyme development (catalase with and 
without RNA; -galactosidase with and without PP) 
with and without antibiotics as shown; inhibition 
expressed on basis that increase in enzyme activity in 
absence of antibiotic=100. Inhibitions proved inde- 


pendent of presence or absence of RNA or PP. 1, chlor- 
amphenicol inhibition of catalase or {-galactosidase 
development; 2, bacitracin inhibition of B-galactosidase 
development; 3, penicillin inhibition of B-galactosidase 
development; 4 and 5, penicillin and bacitracin inhibition 
of catalase development. 
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cells as described above; B-galactosidase formation 
is inhibited by 10 yg. of either antibiotic/ml., while 
catalase formation is less than 30% inhibited by 
300 pg. antibiotic/ml. The inhibitions have been 
studied with stage C preparations of disrupted cells 
and there is no significant difference in the per- 
centage inhibition by penicillin or bacitracin 
whether the f-galactosidase development is in 
response to amino acid mixture A or to A+PP. 
A difference is found between bacitracin and peni- 
cillin in that, whereas inhibition by the former 
reaches 100 % at 100-300 yg./ml., inhibition by the 
latter reaches a plateau value at less than 100%. 
In Fig. 10 the plateau inhibition by penicillin is 
80 % but it has been found that the position of the 
plateau value varies from preparation to prepara- 
tion between limits of 60 and 85% inhibition. 
A similar situation is found in the effect of penicillin 
on amino acid incorporation. 

Creaser (1955) finds that B-galactosidase forma- 
tion in intact Staph. aureus is similarly sensitive to 
penicillin but Hahn & Wisseman (1951) report that 
lactase formation in Esch. coli is unaffected by 
penicillin at 50 times the growth-inhibitory level, 
although inhibited by the growth-inhibitory level of 
chloramphenicol. The activity, as opposed to the 
development, of the enzymes studied is unaffected 
by penicillin, bacitracin or chloramphenicol in the 
concentrations used. 


[24C] Uracil incorporation 

The effect of PP on the development of ‘gluco- 
zymase’ and f-galactosidase might be due to forma- 
tion of nucleic acid from the mixture in the presence 
of amino acids, as occurs with intact Staph. aureus 
(Gale & Folkes, 1953a). To test this possibility 
[14C]Juracil has been added to the incubation media 
and the incorporation of radioactivity into the 
nucleic acid fraction of the disrupted cells measured. 
Insufficient [!4C]uracil was available for detailed 
investigations and Table 2 gives results of pre- 
liminary studies. Little incorporation took place 
when the disrupted cells (stage C) were incubated 
with ATP, HDP, amino acids and [#4C]uracil alone, 
but addition to the incubation medium of either PP 
or galactose increased the incorporation, while the 
presence of both PP and galactose gave a marked 
increase, occurring under conditions optimal for 
B-galactosidase formation in the preparation. Fig. 8 
shows the time course of [!C]Juracil incorporation 
during the development of f-galactosidase, the 
values being corrected for incorporation occurring 
in the absence of galactose; it can be seen that the 
incorporation is most rapid during the early stages 
of incubation corresponding to the lag period in the 
enzyme development. 

Effect of penicillin. Table 2 also shows the effect of 
penicillin on the incorporation of [!4C]Juracil. In the 
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absence of galactose, penicillin has little effect on 
the incorporation and this may be correlated with 
the absence of effect on development of catalase and 
glucozymase. Penicillin has a marked inhibitory 
effect on incorporation in the presence of galactose 
and reduced by 60-70% the stimulation of in- 
corporation produced by the addition of galactose; 
this inhibition can be correlated with the inhibition 
of B-galactosidase development. 


DISCUSSION 


It is clear that removal of nucleic acid decreases the 
ability of disrupted cell preparations to develop 
certain enzymes, and that this ability can be 
restored by supplying the preparations with 
appropriate nucleic acids or their precursors. The 
development of the enzyme systems studied is 
dependent upon a supply of amino acids, is accom- 
panied by an increase in the protein-nitrogen of the 
preparations, and is inhibited by chloramphenicol 
at a concentration ;|known to prevent protein 
synthesis in intact cells. It seems reasonable that 
the development of the enzymes occurs as a result of 
protein synthesis, although in a complex system 
such as ‘glucozymase’ other factors may clearly be 
involved. At least two stages can be recognized 
in the requirement of preparations for enzyme 
development or protein synthesis: when the dis- 
rupted cells are partially depleted of nucleic acid, 
they can be stimulated by RNA or PP in specific 
cases; when nucleic acid depletion has become 
severe, DNA becomes an additional requirement for 
stimulation. In this latter stage, enzyme develop- 
ment is abolished by the action of either ribo- or 
deoxyribo-nuclease. 

Of the single enzymes which have been studied, 
catalase is constitutive and preparations are highly 
active at the beginning of the experiments, f- 
galactosidase is an induceable enzyme and the pre- 
parations are devoid of initial activity. Catalase 
activity is increased in the presence of RNA, while 
the addition of PP has no effect; the reverse is true 
for the development of f-galactosidase activity. 
Since the effect of PP on f-galactosidase ‘develop- 
ment’ is abolished by the presence of ribonuclease 
and is accompanied by a marked incorporation of 
uracil, it seems probable that RNA synthesis under- 
lies the effect in this case, but it would seem that the 
RNA formed must be unstable since it has not been 
possible to promote f-galactosidase formation by 
RNA prepared from cells grown in glucose or 
galactose, Pardee (1954) has shown that the forma- 
tion of -galactosidase in purine-less mutants of 
Esch. coli is dependent upon the supply of purines 
but that, if the supply of purines is suboptimum, 
then enzyme formation ceases when the purine 
supply is exhausted. Pardee therefore suggests 
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that it is the synthesis of RNA which is involved in 
enzyme formation, and that the RNA once syn- 
thesized is inert. However, the organisms in 
Pardee’s experiments are growing, and a possible 
alternative explanation of his results would be that 
the RNA required for B-galactosidase formation is 
unstable and, in the absence of a sufficient supply of 
purines, its breakdown products are used for the 
synthesis of other more stable RNA structures 
required by the growing cell. In the present experi- 
ments, RNA clearly has an effect on catalase 
‘development’; it is possible that the RNA under- 
goes a cycle of breakdown and resynthesis which is 
undetected by the experiments as at present de- 
signed. It may be that different mechanisms are 
involved in the synthesis of different proteins. 
Spiegelman, Halvorson & Ben-Ishai (1955) have 
shown that the formation of induceable enzymes in 
yeast can be inhibited by the addition of purine ana- 
logues and it seems clear that, in induceable systems 
at any rate, protein synthesis is accompanied by, if 
not dependent upon, RNA synthesis, and that some 
factor in the process requires stabilization by the 
presence of the substrate. Deken-Grenson (1953), 
studying the rate of protein synthesis and RNA 
renewal in a variety of bird and mouse tissues, 
found that the rate of RNA renewal was considerably 
less than that of protein synthesis, and concluded 
that RNA plays a catalytic role if any. 

The experiments with stage D disrupted cells 
show clearly that RNA is not the sole controlling 
factor in protein synthesis but that DNA is also 
involved. The results are compatible with various 
hypotheses that have been put forward (Gale, 1955; 
Rich & Watson, 1954) suggesting that DNA is 
responsible for the organization of RNA residues or 
protein-RNA residues which are, in turn, responsible 
for the organization of amino acid residues before 
combination into peptide bonds. The mechanism of 
DNA and RNA function and their inter-relation- 
ships remains in the realm of speculation. 

The site of action of penicillin is gradually be- 
coming clearer. It is known to inhibit the incorpora- 
tion of certain amino acids into the protein of intact 
and disrupted staphylococcal cells (Gale & Folkes, 
19536, 1955), and from the facts that the inhibition 
is incomplete and that such incorporation is de- 
pendent upon reaction between the proteins and 
nucleic acids (Gale & Folkes, 1955) it might be 
deduced that the antibiotic prevents the reaction of 
certain proteins with their corresponding nucleic 
acids. Such an action might be expected to interfere 
with synthesis of both nucleic acid and protein 
when conditions become suitable for cell growth, 
and this might be reflected in impairment of the 
synthesis of certain enzymes. It isshown above that 
low concentrations do, in fact, act as differential 
inhibitors of enzyme development. Further, in the 
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case of B-galactosidase formation, the inhibition by 
penicillin is accompanied by parallel inhibition of 
the incorporation of ['C]uracil that accompanies 
enzyme development. It is probable that these 
findings are connected with those of Park (1952) 
who showed an accumulation of nucleotide-like 
substances containing uridine in penicillin-treated 
staphylococci. The unusual plateau effects found in 
studies of inhibition by penicillin cannot be ex- 
plained at present unless there are two paths of 
synthesis of proteins such as f-galactosidase of 
which only one is sensitive to the antibiotic. The 
mechanism of action of penicillin awaits elucidation 
of the relationship between the syntheses of nucleic 
acids and proteins. 


SUMMARY 


1. The development of certain enzymic activities, 
‘glucozymase’, catalase and £-galactosidase, in 
disrupted cell preparations of Staphylococcus aureus 
is described. Preparations B, C and D correspond to 
progressive stages in removal of nucleic acid from 
the disrupted cells. 

2. Preparations at stage B develop ‘glucozymase’ 
and catalase activities when incubated with a 
complete mixture of amino acids, and £-galacto- 
sidase if galactose is added to the incubation 
medium. Nucleic acids have little or no effect on 
enzyme development at this stage. 

3. Preparations at stage C develop little enzymic 
activity unless nucleic acid or its derivatives are 
added: catalase development is strongly stimulated 
by ribonucleic acid (RNA) but not by a mixture 
of purines and pyrimidines (PP); 8-galactosidase 
development is stimulated by PP but not by RNA 
whether derived from glucose- or galactose-grown 
cells. Deoxyribonucleic acid (DNA) has little or no 
effect at this stage. 

4. Preparations at stage D, highly depleted of 
nucleic acid, respond less markedly to RNA or PP 
than stage C preparations, but DNA is now found to 
be stimulatory both for catalase and 8-galactosidase 
development. ‘Glucozymase’ development is stim- 
ulated by RNA, DNA or PP. 

5. Development of all three enzyme activities is 
abolished by chloramphenicol at a concentration of 
10-30 ypg./ml. Penicillin and bacitracin at a concen- 
tration of 30 ng./ml. strongly inhibit the formation 
of B-galactosidase but are without action on catalase 
development. 

6. Incubation of disrupted cells with [CJuracil 
under conditions suitable for enzyme development 
results in incorporation of radioactivity into the 
nucleic acid fraction ; this incorporation is markedly 
increased by the presence of galactose in the medium 
and the increase due to galactose is 75% abolished 
by penicillin in concentrations inhibiting B-galacto- 
sidase formation. 





REFERENCES 


Brachet, J. (1941). Enzymologia, 10, 87. 

Caldwell, P. C. & Hinshelwood, C. (1950). J. chem. Soc. 
p. 3156. 

Caldwell, P. C., Mackor, E. L. & Hinshelwood, C. (1950). 
J. chem. Soc. p. 3151. 

Caspersson, T. (1941). Naturwissenschaften, 29, 33. 

Caspersson, T. (1947). Symp. Soc. exp. Biol. 1, 127. 

Creaser, E. H. (1955). J. gen. Microbiol. (In the Press.) 

Deken-Grenson, M. de (1953). Biochim. biophys. Acta, 12 
560. 

Dounce, A. L. (1952). Enzymologia, 15, 251. 

Gale, E. F. (1953). Advanc. Protein Chem. 8, 285. 

Gale. E. F. (1955). Symp. Amino Acid Metabolism, ed. 
McElray, W. D. & Glass, H. B. Baltimore: Johns Hapkins 
Press, p. 171. 

Gale, E. F. & Folkes, J. P. (1953a). Biochem. J. 53, 483. 

Gale, E. F. & Folkes, J. P. (1953b). Biochem. J. 53, 493. 

Gale, E. F. & Folkes, J. P. (1953c). Biochem. J. 55, 721. 

Gale, E. F. & Folkes, J. P. (1955). Biochem. J. 59, 661. 

Hahn, F. E. & Wisseman, C. L. (1951). Proc. Soc. exp. Biol., 
N.Y., 76, 533. 





E. F. GALE AND J. P. FOLKES 





1955 


Haurowitz, F. (1950). Chemistry and Biology of Proteins, 
p. 326. New York: Academic Press. 

Jeener, R. (1952a). Biochim. biophys. Acta, 8, 125. 

Jeener, R. (1952b). Biochim. biophys. Acta, 8, 271. 

Jeener, R. & Brachet, J. (1944). Enzymologia, 11, 196. 

Jeener, H. R. & Jeener, R. (1952). Exp. Cell. Res. 3, 675. 

Ledeberg, J. (1950). J. Bact. 60, 381. 

Malmgren, B. & Heden, C. G. (1947). Acta path. microbiol. 
scand, 24, 417, 437, 448, 472. 

Mitchell, P. D. & Moyle, J. (1951). J. gen. Microbiol. 5, 421, 

Monod, J. & Cohn, M. (1952). Advanc. Enzymol. 18, 67. ki 

Monod, J. & Cohn, M. (1953). Symp. Soc. gen. Microbiol. 3, 
132. 

Northrop, J. H. (1952). J. gen. Physiol. 36, 581. 

Pardee, A. B. (1954). Proc. nat. Acad. Sci., Wash., 40, 263. 

Park, J. T. (1952). J. biol. Chem. 194, 877, 885, 897. 

Price, W. H. (1952). J. gen. Physiol. 35, 741. 

Rich, A. & Watson, J. D. (1954). Proc. nat. Acad. Sci., 
Wash., 40, 759. 

Spiegelman, S., Halvorson, H. O. & Ben-Ishai, R. (1955). 
Symp. Amino Acid Metabolism, ed. McElray, W. D. & 
Glass, H. B. Baltimore: Johns Hopkins Press, p. 124. 

Wade, H. E. (1952). J. gen. Microbiol. 7, 24. 


Hydrocarbons in Pyrethrum Cuticle Wax 
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During the period 1928-37, there were many con- 
tributions to this Journal on the cuticle waxes, as 
found on the petals of flowers, the protective 
coatings of fruit and on the leaves of vegetables. 
For references see Chibnall, Piper, Pollard, Williams 
& Sahai (1934), Chibnall & Piper (1934), and also 
Kreger (1948). 

In general these cuticle waxes are found to con- 
sist of long-chain carboxylic acids of even number, 
and their esters; even-numbered primary alcohols; 
and odd-numbered secondary alcohols, ketones and 
paraffin hydrocarbons. The proportions vary from 
plant to plant, and the carbon numbers range from 
C,, to C,,. These findings caused considerable 
speculation about the sequence of formation of 
these materials in the plants, and the subject is still 
not clarified. 

Good methods are available for characterizing 
pure samples. For hydrocarbons one may mention 
the transition-point data and the X-ray data of 
Piper et al. (1931), and Piper, Chibnall & Williams 
(1934). But the real difficulty in this work is the 
separation of members of a homologous series of 
these materials; this limits the applicability of the 
analytical procedures. 


The purpose of this work was to examine the 
hydrocarbon portion of pyrethrum wax, and to 
attempt to accomplish some resolution of the 
mixtures found therein. 


EXPERIMENTAL 


All melting points are corrected. 


Materials 


Two samples of the crude pyrethrum wax were supplied 
by the U.S. Industrial Chemicals Corp., these being factory 
samples from different periods of operation. The crude wax 
is precipitated by chilling the hexane extract of the dried 
pyrethrum flowers. These two samples, A,and B, were found 
to contain hydrocarbon portions of 46 and 17 % respectively, 
as measured by recovery from the light petroleum eluate, 
of a chromatogram on activated alumina. It is with these 
hydrocarbon portions of the wax that this communication is 
principally concerned. 

Sample A, once-crystallized from acetone melted at 
61-5-64-5°. The average molecular weight of this sample 
was 370+15, as determined by the micro-Rast procedure. 
Carbon and hydrogen analyses (C 82-08, 82-16; H 13-99, 
14-07 %) accounted for 96-1 °% of the same sample. The infra- 
red curves confirmed the presence of oxygen by the carbony! 
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band at 5-63 u., by the alcohol band at 3-05., and by the 
alcohol or ether band at 9-42. By analysis the oxygen 
content could not be greater than 3-9%. Thus for this 
molecular weight range there is on the average not more than 
one oxygen atom per molecule. 


Crystallization and chromatography on alumina 


The expected hydrocarbon portions were separated from 
the oxygenated and other material by elution with light 
petroleum (b.p. 30-60°), from activated alumina chromato- 
graphic columns. Alorco grade F-20 alumina, reactivated 
for 16 hr. at 205° was used, in the ratio of at least 30 g. 
alumina/g. of sample. Elution with a given solvent was 
continued until substantially no more product was obtained. 
For brevity the results are listed in Table 1, as light petro- 
leum, ether, and methanol eluates. A graded series of 
benzene-ether eluates moved little of the material until the 
solvent blend was over 90% ether. 

Referring to Table 1, sample A 1 gave a negative Davidson 
test for oxygen (Davidson, 1940), while the sample A 2 gave 
a positive test. By infrared analysis the 5-63. carbonyl 
peak was seen to be present in sample A 2 and absent in 
sample 41. Sample A1 was analysed by the manometric 
Unterziucher method (Holowchak & Wear, 1951) giving 
oxygen values of 0-040, 0-057, 0-056 and 0-040% (average 
0-048%). The uncertainty in this analysis at this level is 
estimated to be 35%. Assuming that a probable impurity 
would be a ketone, e.g. C.,H;,0 (3-8 % oxygen), it appears 
that the above-described chromatographic conditions give 
a fairly good separation between paraffins and oxygenated 
compounds in the Cy, range. There should not be more than 
15% of Cyy ketone or other oxygenated compounds of this 
molecular-weight range in the light petroleum eluate. 
Carbon and hydrogen values were C 85-18, 85-19; H 14-60, 
14-85%. 

Sample B was handled differently in order to attempt to 
detect the highest molecular weight species of paraffins 


Table 1. Alumina chromatography of 
crude pyrethrum wax samples 


Weight (%) of charge recovered 
Fraction ee A ; 





B3 B* 


no. Eluent A Bl 
Light petroleum 45-5 33-4 12-9 17 
(b.p. 30-60°) 
2 Ether 22-0 32-1 - ~ 
3 Methanol 2-1 1-8 
4 Unrecovered 30-4 32-7 


B* Calculated, see text p. 685. 
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present: the sample (2-0 g.) was refluxed in methanol (1 1.), 
and the solution was allowed to cool to room temperature to 
crystallize in part. By combining several such operations the 
following fractions were obtained: B1, recrystallized from 
methanol, 45-1%; B2, recovered from methanol solution, 
16-9%; B3, harder yellow wax which did not dissolve in 
methanol, 38-0%. Samples Bl and B3, by alumina 
chromatography, gave the results shown in Table 1. By 
a separate chromatogram on the composite sample B 
(sample B*, Table 1), it was found to have a ‘paraffin’ 
content of 17%. It was expected that sample B3 might 
contain paraffins of higher molecular weight, and this was 
borne out by the carbon-black chromatography. 


Urea complex formation 


Sample A was treated with urea, following a procedure of 
Fetterly (1952) to effect a separation between normal and 
iso paraffins: sample A (0-3725 g., ca. 0-001 mole), urea 
(1-8330 g., ca. 0-03 mole), isooctane (13 ml.) and methanol 
(2 ml.) were mixed. Within 2 hr. a curdy precipitate of 
hydrocarbon-urea complex appeared; it was filtered on a 
sintered glass funnel, and washed with isooctane. The 
hydrocarbons recovered from the complex melted sharply at 
61-5-61-7°. The weight of the residue recovered from the 
isooctane was 0-0068 g. This experiment provides some 
evidence that the hydrocarbons are probably normal 
paraffins. 


Partial resolution of paraffin fractions by 
chromatography on carbon 


It seemed that the most promising hope of resolving 
homologous series of hydrocarbons would be by means of 
chromatography on a suitably activated carbon. In this 
hydrocarbon field the following studies appeared to give the 
most promising leads: (1) Claeson has accomplished a 
quantitative gas phase resolution of C,-C, hydrocarbons on 
a ZnCl,-activated carbon, using a dilute atmosphere of ethy! 
acetate in nitrogen as the displacing agent (Tiselius, 1940, 
1941, 1946). (2) Sesquiterpenes have been isolated by Sérm 
and co-workers, using ZnCl,-activated carbon, with benzyl 
alcohol as a displacing agent (Sérm, 1949; Herout, Ruzitka, 
Vrany & Sérm, 1950; Herout, 1950). With the exception of 
Sérm’s work on the sesquiterpenes, we have found nothing 
published in the molecular weight range of the paraffin 
hydrocarbons of our samples. In favour of such a resolving 
experiment is the fact that only the odd-numbered paraffins 
were expected in the mixture. 

Household paraffin wax. As a preliminary experiment, a 
sample of ordinary household paraffin wax, m.p. 48-50 


Table 2. Chromatography of 1-0 g. household paraffin wax on Norit A carbon black 


Vol. ethyl 
acetate in 
Fraction effluent Wt. of cut 
no. (ml.) (g.) 
1 <30 0-239 
2 30 0-237 
3 100 0-098 
4 145 0-050 
5 168 0-079 
Amount left on column 0-297 
1-000 g. 


M.p., once 
crystallized from 
95% ethanol* 


M.p. of crystals 
as discharged 
(*) 
43-5-49-5 





50-5-54-5 


* Of the 0-709 g. recovered from the column, 0-146 g. remained in solution on recrystallization. 
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(approximate carbon number, C,.—C,,), was chromato- 
graphed on a column of Norit A, using ethyl acetate as dis- 
placing or developing agent. The 19cm.-long column, 
compacted by evacuation at the bottom of the column, 
contained 6 g. of Norit A, and the ratio of carbon to wax was 
6:1. The column was water-jacketed and maintained at 
64-68° to keep the sample melted and to hasten filtration. 
After placing the wax on a plug of glass wool above the 
carbon black, it was melted by heat from the jacket, and 
then ethyl acetate was introduced under a pressure of 
20-35 em. Hg. The results of this experiment, run over a 
period of 17 hr. at about 10 ml./hr. effluent rate, are listed in 
Table 2. From this it appears that 71% of the household 
paraffin wax can be removed from Norit A, and that some 
resolution of the material will occur in the process. 

Pyrethrum waz. This process was now applied to a hydro- 
carbon fraction obtained by alumina chromatography from 
the pyrethrum wax (sample Al, Table 1). The Norit A 
column was 18-5 em. long by 2-7 cm. diameter, and held 
34-9 g. of the carbon black. The sample weighed 1-2439 g., 
and the ratio of carbon black to wax sample was 28:1. 
Operating pressure was about 20 cm. Hg. Other details are 
given in Table 3. In this table and also in Table 4, the dis- 
placing agents are described as ‘eluents’. (This is open to 
question, since there is some doubt as to what type of 
chromatography is being employed.) 

No product was obtained by elution with ethyl acetate. 
The reason for this is not clear. Increased adsorption of 
higher-molecular-weight species probably would not be 
a complete explanation in this case. Similarly, isopropyl 
acetate and ethyl acetoacetate were ineffective. However, 
benzyl alcohol was effective, and the degree of resolution 
obtained is indicated by the average carbon numbers of the 
fractions. These values are calculated from X-ray data, 
details of which are given in a later section. Elution with 
phenol at 93-97° did not remove any significant additional 
amount of wax. It will be noted from Table 3 that only 
64-6 % of the sample was recovered. Such low recoveries are 
typical in this work, and indicate how strongly these 
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materials are adsorbed on certain carbons. They also suggest 
that species of higher molecular weight than those reported 
here may be present in the original wax. 

In a search for paraffin hydrocarbons of higher molecular 
weight, sample B 3-1 (Table 1) was examined in a similar 
way. Details are given in Table 4. Nearly all of the run was 
made with a mixture of 66% benzyl alcohol and 34% ethyl 
acetate: 68% of the sample was recovered by this elution 
process, but another 16% was extracted from the carbon 
black by refluxing several times with boiling benzene. 
16 % appears to have been retained on the carbon black. 

It is well known that a homologous series of hydrocarbons 
forms an ideal solution. The estimation of the average 
carbon number by measuring the X-ray ‘d’ spacings corre- 
sponding to the ‘c’ dimensions of the average. unit cell, 
assumes that a true weight-average unit cell is seen by the 
X-ray beam. However, there is some possibility that 
distribution is weighted in favour of the species of higher 
molecular weight, since they are higher melting, and may be 
expected to orient themselves more completely than would 
the lower members of the series. In order to check on this 
possibility, we were fortunate to be able to obtain four mass 
spectrometer analyses, which are shown in Tables 3 and 4. 
In three cases out of four the agreement between the two 
methods is surprisingly good. 

Perhaps the most interesting result of all is the molecular- 
weight-distribution data afforded by the mass spectro- 
meter analyses. Table 5 indicates the degree of resolution 
of the series of hydrocarbons by this type of chromato- 
graphy. The data also show that all of the even-numbered 
paraffins are present in small amounts, but some of them, 
e.g. Cog and Cy9, are present in some cuts to the extent of 
7 and 5-5 % respectively. 

String bean wax. In order to find out if even-numbered 
paraffins were present in other natural cuticle waxes, a 
sample of New York State Tendergreen string bean (Phase- 
olus aureus) wax hydrocarbons was examined in a similar 
manner. This sample C 1 (m.p. 63°) was obtained in the same 
way as sample A1, by elution with light petroleum from 


Table 3. Chromatography of hydrocarbon fraction A1 of pyrethrum wax on Norit A carbon black 


Average carbon no. 
‘ec? unit 


Approx. Sn 
Time effluent Percentage M.p. of cell Mass 
Fraction Temp. Eluent used and vol. interval rate charge fractions dimension spectro- 
no. (°) (ml.) (hr.)  (ml./hr.) removed (°) (A) X-ray meter 
43-50 Ethyl acetate (710) 7-4 96 — — —- —- a 
58-78 Ethyl acetate (600) 6-5 93 — oe = 
73-78 isoPropyl acetate (410) 5 82 _— — 
65-92 Ethyl acetoacetate (461) 10 45 — — — — — 
37 93-96 9 26 12-8 58-5-60-5 75-99 28-37 28-33 
38 93-96 — 26 14-9 62-0-62-5 76-06 28-40 — 
39 93-96 26 11-0 32-7-63-3 76-09 28-42 — 
40 93-96 26 7-17 63-4-64-2 76-95 28-75 — 
41 93-96 - 26 7-03 64-4-64-6 78-08 29-22 — 
42 93-96 Benzyl alcohol (232) — 26 3°75 
43-44 93-96 - 26 4-23 64-3-64- s| 78-84 29-53*  29-60* 
45 93-96 —_ 26 1-02 64-7-65-5 
46 93-96 — 26 0-85 64-6-65-4 
47 93-96 = 26 1-23 64-5-65-3 = = = 
48 93-96 —_ 26 0-59 64-3-65-2 - a = 
49 93-97 Phenol (110) 25 —- — —e 4 
Percentage of sample recovered 64-6 


* X-ray and mass spectrometer analyses run on composites of fractions 42-47. 


This material showed no C:O band in the infrared. 
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alumina. This sample also contains even-numbered paraffins. 
The results are summarized in Table 5. 

X-ray data and densities. The unit cell dimensions were 
measured on a Phillips diffractometer-type X-ray unit, 
using 1/12° divergence slit, 1° receiving slit; 50000v and 
19 ma; 2 sec. time constant; Ni-filtered Cu radiation; chart 
speed of 1/2° per min. (26). Readings were the average of 
‘ascending’ and ‘descending’ values. Calculations were 
made assuming A=1-5418A. At least five and sometimes 
eight orders of reflexion were observed, and the ‘c’ values 
were read from the plot of these readings at a point corre- 
sponding to n=5. 

As observed by other workers, sample preparation in- 
fluences the degree of orientation of the paraffin chains (e.g. 
Clark & Smith, 1931). These samples were prepared by 
placing about 3-4 mg. of the wax on to the 1 x 1 in. ground- 
glass end of a microscope slide. The samples were heated to 
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110° in an air bath, held there for 1 hr., and allowed to cool 
to room temperature over about 2 hr. The samples on these 
pieces of microscope slide were placed directly in the 
diffractometer. The correlation between average carbon 
number and the ‘c’ dimension of the unit cell (assumed to be 
in the orthorhombic form) was made from a plot of thirteen 
literature values over the range of C,,-C;,. These values 
adjusted for current values of physical constants, are 
chiefly those of Miiller & Saville (1925), Miiller (1932), Piper 
et al. (1931) and MacArthur (1944). Most of these values 
have been summarized by Robertson (1953). The slope of 
this straight line plot is 2-51254 per carbon number (corre- 
sponding to 1-2563A per carbon number per individual 
molecule). A sample D1 of purified dotriacontane, C3.H¢., 
m.p. 69-5-69-7°, which is at least 99% pure by mass 
spectrometer analysis agrees closely with this correlation 
plot. 


Table 4. Chromatography of hydrocarbon fraction B 3-1 of pyrethrum wax on Norit A carbon black 


1-8940 g. of wax sample were run on the same column as for sample A 1 (Table 3), on 34-9 g. of Norit A, giving a ratio of 
carbon to wax sample of 18-4:1. Operating pressure was also about 20 cm. Hg. 


Fraction Temp. Eluent used and vol. 
no. ¢) (ml.) 
1 62-72 Ethyl acetate (340) 
2 70 34% Benzyl alcohol plus 66% ethyl 
acetate (70) 
3 71 66% Benzyl alcohol plus 34% ethyl 
acetate, 18 
4 71 15 
5 71 8 
6 70-5 10 
7 69-5 10 
8 68 15 
9 68 25 
10 74 25 
11 75 25 
12 72 25 
13 71 45 
14 70 100% benzyl alcohol (80) 
15 — — 
Residue 


D1 (control) 


* 13-5 hr. to collect fractions 2-14 inclusive. 
+ Free from C:O band in infrared. 


Average carbon no. 


‘ce’ mit = ——_. 
Time Approx. Percentage cell Mass 
interval rate of charge dimension spectro- 
(hr.)  (ml./hr.) removed (A) X-ray meter 
+ 85 3-27 — — — 
13-5* 46 3-60 76-16 28-42 — 
— 34 5-39 77-50 28-96 28-76 
— 27 7-34 77-55 28-97 -- 
— 14 5-62 78-17 29-23 — 
— 30 6-20 78-46 29-36 — 
—_— 17 5-77 78-59 29-40 — 
— 26 5°75 78-84 29-52 
— 32 8-90 79-58 29-80 
—_— 34 5-10 79-56 29-79 
-— 28 4-06 79-84 29-92 — 
-~ 19 2-72 81-32 30-52 
— — 0-95 —_ —_ - 
— 16 3-30 83-06 31-00 30-317 
— -- 16-20 _- — - 
15-83§ 
100-00 %, 
31-97] 


t Recovered by repeated extraction of the carbon black with boiling benzene. 


§ Unaccounted for, and left on column. 


A purified synthetic sample which is at least 99% dotriacontane by mass-spectrometer analysis. 


Table 5. Molecular-weight distributions of hydrocarbon fractions obtained from some natural waxes 


Sample* 

no. Cor Cos Cop Coz Cog Cop Cap Cox 
Al 37-47 - 1:7 30-9 7-2 53-1 2-9 42 — 
Al 42-47 ~ 0-6 22 2:0 59°55 55 265 2-0 
B3 1-3 05 O9 O04 66 39 859 0-9 0-9 
B3 1-14 — 0-5 0-7 16 1:7 47:2 43 250 2 
ci —_ — 1-9 30 28 159 3-2 605 2 


‘ 
32 


Average 

carbon 
Cog Cag Cos Cae no. Source 
— —- — — 28-33) *From pyrethrum flowers: 
16 01 — — 29-60 first four samples are 

- —- — — 28-76| fractions from Tables 3 

69 2:0 53 24 30-31) and 4 
106 — — — _ _ 30-56 String beans (New York 


State Tendergreen ; 
Phaseolus aureus) 


* The sum of the numbers on a horizontal line total 100% by weight of the fraction which was submitted to mass- 
spectrometer analysis. C,, represents C,,H;», etc. The procedures and equipment used are similar to those described by 


O’Neal & Wier (1951). 








Table 6. Density values of normal paraffins 
computed from X-ray data* 


Computed 
from X-ray Measured 
data at 20°F Difference 

Cae. -— 0-910 — 
Ca. 0-916 _— — 
CspHis 0-920 0-913 + 0-007 
Ca. 0-923 — — 
Ca. 0-925 0-916 +0-009 
cz 0-929 ae — 
Cz... 0-931 0-939 — 0-008 
CysHs0 0-934 ‘one — 
Cole, 0-936 0-921 +0-015 
Ce. 0-939 a“ — 
Crass 0-940 0-927 -0-013 
CosHeo 0-942 (0-843) ( +0-099) 
Ca. 0-944 0-943 +0-001 
C51:He, 0-945 — — 
Cy.Hee 0-947 0-944 + 0-003 
CsHee 0-949 — ne 
om : me 0-950 0-946 +0-004 
Ca 0-951 = — 


* Assuming that all of the X-ray data (by various 
workers) were obtained at a temperature near 20°. 
+ Seyer et al. (1944). 


As an attempt to check on the reliability of this plot, 
densities (p) for the C,.—C,,; paraffins were computed by the 
relation p=1-66020 x 4 x mol.wt./a xb xc. Values for the 
aand b dimensions were taken as 7-46 and 4-98 A respectively. 
The calculated values are given in Table 6, and compared 
with measured density values of Seyer, Patterson & Keays 
(1944). Their values are read from their graph at 20°. In the 
case of C,.Hg, a value of p =0-9472 is computed, as compared 
to dj®°=0-9439, measured by Seyer & Morris (1939). This 
latter number is probably one of the most reliable literature 
values. There are some anomalous results, particularly in the 
odd series (cf. Cyg,Hgo), as discussed by Seyer et al. (1944). 


RESULTS 

The hydrocarbon portions of the pyrethrum wax 
samples examined varied between 45 and 17% of 
the samples, and the evidence indicates that they 
are normal paraffins. All members of the series 
between C,, and C,, have been found. This is in 
contrast to earlier reports that only odd-numbered 
normal paraffins are found in natural plant waxes. 
Up to 7-2% of normal C,,H;, was found in one 
fraction. Analogous results were also found in wax 
obtained from string beans. If the hydrocarbons 
are formed from carboxylic acids, as has been 
postulated, these findings would require at least the 
temporary existence of odd-numbered carboxylic 
acids in the plants. 


Some chromatographic resolution of these 


materials has been accomplished by elution from 
Norit A, with benzyl alcohol, at 70—90°. Under 
these conditions 65-68 % of the samples have been 
recovered from the columns. Therefore it is possible 
that higher species than C,,H,, may exist in these 
waxes. In other work, yet to be published, elutions 
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from Norit A at temperatures up to 230° have 
yielded additional amounts of product. The results 
and degree of resolution are best observed in 
Table 5. Molecular-weight distributions obtained 
by mass spectrometer analysis are also given. 

In addition, densities of the normal paraffins in 
the range of C,,—C,, are computed from X-ray data 
taken from the literature, and recorded. 


DISCUSSION 


The finding of even-numbered paraffins is of interest 
in connexion with the theory of their formation in 
the living plants. Although the situation is not 
fully clarified, one possible cycle is that proposed by 
Chibnall & Piper (1934), wherein odd-numbered 
paraffins result from B-oxidation of even-numbered 
acids, followed by decarboxylation and reduction of 
the odd ketones. However, the presence of even- 
numbered hydrocarbons would appear to require 
the existence at least temporarily of some odd 
carboxylic acids. One means of explaining this 
begins with unsaturated acids of higher molecular 
weight. Chibnall & Piper (1934) show such an 
example, beginning with linolenic acid. 

If there should exist in plants a cycle analogous 
to the coenzyme A (CoA) synthesis route postulated 
for animal tissues, then both odd and even paraffins 
could be explained (Lynen, 1953; Lynen & Ochoa, 
1953; Stadtman, 1954). These authors state that 
two molecules of acetyl-CoA condense to yield one 
molecule of acetoacetyl-CoA. Eight such repetitions 
of the complete four-stage cycle account for the 
formation of stearic acid. It is possible that the 
odd-numbered fatty acids necessary to explain our 
results could come from slight variations of the CoA 
cycle: 

(a) One molecule of acetyl-CoA and one of pro- 
pionyl-CoA condense to form f-oxovaleryl-CoA. 
Thereafter the cycle is continued by additions of 
only acetyl-CoA. It would seem that this route is 
less probable than the regular acetyl-CoA cycle, 
since it is the even-numbered acids which are well 
known. 

(b) If attack at the «-carbon should be a possibility, 
then at the termination of a normal CoA series, 
a molecule of propionyl-CoA could react in either 
sense to form either of two B-keto acids. Both of 
these on decarboxylation would yield an even- 
numbered straight-chain ethyl ketone, and ulti- 
mately on reduction a paraffin of even-numbered 
carbon chain. One of these alternatives is shown 
in Scheme I. 

One additional mechanism is proposed below to 
account for both the odd and even paraffins, begin- 
ning only with the known even-numbered fatty 
acids. In this case alternate «-oxidation and f- 
oxidation are used to account for formation of a 


a a ee 
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| —+CH,.(CH,),;-C.CO.S.CoA +HS.CoA 


ie aoe 


hydrolysis and decarboxylation 


CH,.(CH,),;-CH,.CO.CH,.CH, 


reduction 


CH, .(CH,),,.CH, 
Scheme I 


R.CH,.CH,.CH,.CO,H (even) 
| «-oxidation 
[R.CH,.CH,.CO.CO,H] 
—CcO, 

[R.CH, GH, CHO] 

oxidation 
R.CH,.CH,.CO,H (odd) 
f-oxidation 
R.CO.CH,.CO,H 

| —CO, 

R.CO.CH, 


reduction 





R.CH,.CH, (even) 


B-oxidation [R.CH,.CO.CH,.CO,H] 


(a 


50, 
R.CH,.CO.CH, 
reduction 


R.CH,.CH,.CH, (odd) 


Scheme IT 


minor proportion of odd-numbered acids. These 
latter would be intermediates in the formation of 
even paraffins as shown in Scheme IT: (R repre- 
sents an even number of carbon atoms). The fact 
that the ratio of odd to even paraffins is found to 
be so high experimentally, suggests that the B 
process proceeds faster than the « process (see 
Table 5). 

Examination of the oxygenated fractions found 
with the paraffins in the cuticle waxes may give 
some evidence to support one or other of these 
theories and is being undertaken. 


SUMMARY 


1. Some resolution has been accomplished in a 
homologous series of paraffin hydrocarbons, by 
chromatography on Norit A carbon black. The 
degree of resolution is expressed in molecular- 
weight-distribution data. 


44 





2. Contrary to prior reports, all of the normal 
paraffins (instead of odd-numbered ones only) have 
been found in pyrethrum wax, and also in a sample 
of string bean wax. In the former case all members 
of the series from C,, to Cy, have been found, but 
higher members might be present. 

3. A mechanism is proposed to account for the 
presence of the even-numbered paraffins. 


This paper is presented by one of us (G.G. W.) in partial 
fulfilment of requirements for the degree of Doctor of 
Philosophy, New York University. We are indebted to 
Dr I. Fanchuken, Dr D. Harker, Dr S. Ochoa and Dr B. Post 
for advice. Also we are obliged to U.S. Industrial Chemicals 
Corp. and to Evans Research and Development Corp. for 
samples. Unterziucher analyses were carried out by 
Mr S. D’Adamo and carbon and hydrogen analyses by 
Mr H. F. Rundlett, both of Standard Oil Development Co. 
Our thanks are also due to Mrs P. Altieri of the Stamford 
Research Laboratories of American Cyanamid Co. for 
carbon and hydrogen analyses. 
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The Uptake of *S into Rat Tissues after Injection of [**S]Methionine 


By M. K. GAITONDE anp D. RICHTER 
Neuropsychiatric Research Centre, Whitchurch Hospital, Cardiff 


(Received 12 August 1954) 


Labelled amino acids are readily taken up into the 
proteins of the liver, intestine and most other 
organs, when administered in vivo: but they are 
taken up to only a very limited extent by the brain 
(farver & Morse, 1948; Greenberg & Winnick, 
1948). The earlier workers concluded from this that 
the brain proteins are relatively inert, resembling in 
this respect the connective-tissue proteins such as 
collagen. It is now recognized that the free passage 
of amino acids from the blood stream into the brain 
tissue is prevented by the blood-brain barrier: 
under these conditions the rate of incorporation of 
a labelled amino acid is not a satisfactory index of 
the rate of protein formation in the tissue, and the 
tracer experiments have not really shown that the 
proteins of the brain are metabolically inert 
(Friedberg & Greenberg, 1947; Tarver & Morse, 
1948). 

It would appear that if the slow uptake of a 
labelled amino acid is due to the inertness of the 
tissue proteins, the specific radioactivity in the 
acid-soluble fraction of the tissue should be re- 
latively high, depending on that in the plasma: but 
if the slow uptake is due to the low penetration of the 
amino acid into the tissue, then the specific radio- 
activity in the acid-soluble fraction should be 
correspondingly low. By comparing the specific 


radioactivities of a labelled amino acid in the acid- 
soluble and protein fractions under suitable con- 


ditions, it should therefore be possible to obtain 
evidence of the true rate of incorporation of the 
amino acid into the tissue proteins considered as a 
whole. 

Methionine labelled with **S was used in the 
present investigation, and the naturally occurring 
L isomer, prepared biosynthetically from yeast, was 
used in preference to the DL mixture used in previous 
isotopic experiments. Rat brain and liver tissues 
were separated into three main fractions containing 
(a) proteins, (b) lipids and (c) acid-soluble con- 
stituents. The specific radioactivity of the sulphur in 
these fractions at different times after injecting 
L-[**S methionine was determined, and ratios giving 
a measure of the incorporation into the protein and 
lipid fractions were obtained. 


EXPERIMENTAL 


[*°S]Methionine. The L isomer was prepared from yeast 
grown in a medium containing *SO,?- (0-5 mo/l.) by the 
method of Williams & Dawson (1952). The conditions were 
similar to those described except that the culture medium 
contained 6 g. (NH,),HPO,/I. and it was carefully adjusted 
to pH 5-1 using bromocresol green. The incubation was 
continued for 48 hr. With these modifications the yield was 
increased to 4-5-5-4 g. crude yeast proteins/]. medium. The 
yield of methionine was improved somewhat by increasing 
the number of butanol extractions and by carefully re- 
moving all traces of free HCl under reduced pressure before 
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crystallizing from the pyridine-ethanol mixture. The 
method worked well in practice, and 3-4 1. medium yielded 
100-160 mg. pure L-[*S]methionine giving 0-72 x 105 - 
1-2 x 10° counts/min./mg. when measured under a mica- 
windowed counter. The purity was confirmed by paper 
chromatography and by a correct analysis for N and 8. 

The pu-[**S]methionine was obtained from the Radio- 
chemical Centre, Amersham. 

Experimental animals. The Wistar albino rats (49-105 g.) 
were from a pure strain obtained from Messrs A. Tuck and 
Son, The Mousery, Rayleigh. In a part of the work the 
rats used were of a large albino strain of the grey Norwegian 
rat (59-82 g.), designated ‘ Albino I’, that had been bred for 
several years in this laboratory. The animals received an 
intraperitoneal injection of 1-3 mg. L-[**S]methionine, 
giving 9-2 x10* counts/min., in 0-15 to 0-22 ml. 0-9% 
NaCl solution. During the experimental period they were 
given free access to water. They were killed by decapitation 
and the tissue samples were rapidly removed. 

Isolation of tissue fractions. The tissue sample (about 1 g.) 
was weighed quickly on a torsion balance and disintegrated 
for 3-5 min. in a centrifuge tube containing 5-8 ml. 10% 
(w/v) trichloroacetic acid (TCA). The blades of the blender 
were washed with 1-2 ml. 10% TCA and the tube was 
stoppered and left at room temp. overnight. After centri- 
fuging, the supernatant extract was filtered. The residue was 
washed twice with 5 ml. 10% TCA and 3 times with 5 ml. 
distilled water. The combined extract and washings repre- 
sented the acid-soluble fraction. 

The residue was extracted with 5 ml. acetone, centrifuged, 
and the supernatant solution filtered. The residue from this 
was shaken with 10 ml. 50% (v/v) chloroform-ethanol and 
left overnight at room temp. in a stoppered centrifuge tube. 
The extract, which was separated by centrifuging and filtra- 
tion, contained most of the lipid sulphur, but a further 
small amount was extracted by refluxing the residue twice 
with 10-15 ml. of the same solvent for 2 hr. on a water bath. 
The combined acctone and chloroform-ethanol extracts 
formed the total lipid fraction: the solid residue was taken 
as the protein fraction. 

Oxidation of organic sulphur to sulphate. The weighed 
tissue sample (0-05-0-5 g.) was placed in a boiling tube 
containing a few glass beads, and 5 ml. of oxidizing reagent 
(60 % (w/w) A.R. HClO,-conc. HNO, (A.R.), 1:3, v/v) were 
added. The tissue was brought into solution by heating 
gently with a microburner. Explosions were rare, but 
precautions were taken throughout in view of the risk. When 
a clear solution was obtained, a piece of electrolytic copper 
wire (50-70 mg.) was added, and, after it had dissolved, the 
tube was loosely closed with a glass stopper and placed in an 
air-bath at 100—-150°. After 30 min. the temp. of the air- 
bath was raised to 230—-250° and the heating was continued 
for 3 hr. The tube was then cooled and 5 ml. of an aqua regia 
reagent (1 vol. conc. HCl to 3 vol. of the 3:1 HNO,—HCI10, 
acid mixture) were added. Heating in the air-bath at 230- 
250° was continued for another 3 hr., after which the excess 
acid was gently boiled off. The dark residue was then heated 
stron zly on the microburner for 1-2 min. and the acid fumes 
were driven off. The tube was cooled and the residue was 
dissolved by warming with 2 ml. n-HCl. 

In the oxidations carried out by the method of Pirie 
(1932) a reagent consisting of 3 vol. conc. HNO, saturated 
with copper nitrate and 1 vol. 60% perchloric acid was used, 
but otherwise the conditions were similar to those described. 
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Oxidations by the Carius method were carried out under the 
conditions described by Young, Edson & McCarter (1949). 

Precipitation of benzidine sulphate. The solution containing 
the sulphate in N-HCl was concentrated to about 1 ml. by 
boiling off some of the acid. The solution was made just acid 
to congo red with n-NaOH, filtered (Whatman no. 42 paper), 
and washed through with 2-3 ml. distilled water. The 
benzidine sulphate was precipitated by adding 2 ml. 95% 
ethanol and 2 ml. benzidine hydrochloride reagent (pre- 
pared by dissolving 5 g. benzidine hydrochloride in 40 ml. 
N-HCl and bringing to 250 ml. with 50% (v/v) aqueous 
ethanol; the solution was brought to the boil, cooled, filtered 
and stored in a dark place). The preeipitated benzidine 
sulphate was stirred and allowed to stand 30-60 min. before 
collection. When the amount of S exceeded about 0-4 mg. in 
5-8 ml. solution, the precipitation was rapid and quanti- 
tative. With quantities of the order of 50-100yg. S, the 
volume of the filtrate was reduced to about 1 ml. before 
precipitation and 1 ml. benzidine reagent and 1 ml. ethanol 
were used. With less than 50yg. S, a known amount of 
standard Na,SO, solution was added to bring the total 
amount to about 50 ug. S and a suitable correction was made. 
It was confirmed in control experiments that the phosphate 
present in the animal tissues examined did not interfere 
with the quantitative precipitation of benzidine sulphate 
under the conditions used. 

Collection of benzidine sulphate. It was necessary for 
assaying the radioactivity that the benzidine sulphate 
should be collected in as uniform and reproducible a manner 
as possible. The apparatus used was similar to that described 
by Pinajian & Cross (1951). It consisted of a sintered glass 
filter funnel of 2-8 cm. internal diam. and porosity no. 1, 
with four glass hooks round the upper rim. A thick filter 
paper (Whatman no. 3) was placed on the sintered disk, 
wetted with water, and then a thin filter paper (Whatman 
no. 42, diam. 2-8 cm.) was placed on top. The filter papers 
were held firmly in position by inserting a glass inner tube of 
1-75 cm. internal diam. ground flat at the lower end and 
fitted with four glass hooks to which springs were attached. 

The benzidine sulphate was transferred to the inner tube 
of the filter funnel, washed down with 1 ml. water saturated 
with benzidine sulphate, and then washed with 1-2 ml. 
95% ethanol so that it formed an even layer in the centre of 
the filter paper. The benzidine sulphate should have a shiny 
appearance when dry: if it appeared discoloured at this 
stage it was redissolved in dil. NaOH, filtered and repre- 
cipitated. After washing the ppt. with a further small 
volume of 95% ethanol, the glass inner tube was removed 
and the edges of the filter paper that had been below the 
ground edge of the tube were washed with a little water and 
ethanol to remove any residual traces of the reagent, taking 
great care not to disturb the ppt. The upper filter paper was 
carefully removed by means of forceps and kept flat while 
drying on the mounting table of the Geiger counter stand. 

Assay of *S. A Geiger counting tube with a thin end- 
window (1-7 mg. mica/sq.cm.) was used, and a special stand 
was constructed to ensure that the samples were brought to 
exactly the same distance from the window every time. The 
stand was designed to fit inside the lead castle, immediately 
below the window of the counter tube. It consisted of a 
heavy brass plate which could be moved up and down by 
means of a screw. The filter paper bearing the sample was 
held flat on the surface of this plate by a second brass plate 
having a circular hole (1-9 cm. diam.), slightly greater than 
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that of the space occupied by the benzidine sulphate ppt. 
After placing the stand in the lead castle, the sample was 
raised until the brass plate holding it made firm contact 
with the circular rim of the aperture immediately below the 
mica window of the counter tube. 

The observed rate of counting was corrected for back- 
ground (10-11 counts/min.), circuit dead time, counter 
sensitivity and for radioactive decay. A correction for self- 
absorption was made by multiplying the observed activity 
of any sample by a correction factor for the thickness of the 
sample, as described by Henriques, Kistiakowsky, Marg- 
netti & Schneider (1946). The correction factor was obtained 
from a chart made by plotting the observed radioactivity of 
standard samples of *S against mg. benzidine sulphate 
collected within a fixed area of 2:4 sq.cm. The samples were 
generally counted at relatively small thicknesses (below 
2 mg. benzidine sulphate/sq.cm.) so that the absorption 
correction was kept small. The measurements of radio- 
activity were based on at least 1000 counts, which gave 
a probable error in the counting rate of 2-7% for samples 
giving not less than 50 counts/min. 

Determination of total S. When large amounts of tissue 
were available, the benzidine sulphate prepared from a 
portion was collected in a weighed sintered glass crucible 
(porosity no. 3 or 4), washed with ethanol and dried at 100° 
to constant weight. 

For small amounts of tissue containing less than 1 mg. of 
S, microtitration with standard alkali was preferred (Fiske, 
1921). The filter paper containing the benzidine sulphate 
used for the assay of radioactivity was suspended in 10 ml. 
distilled water and the warm solution titrated against 
0-01N-NaOH using phenol red. The titration was continued 
at the boiling point until a sharp end point was obtained. 
In a series of nine consecutive estimations on tissue samples 
containing 0-9-1-2 mg. total S, the mean recovery was 
99-5% (+3-7s.p.) of the value obtained by gravimetric 
determination. The method was applied successfully to 
small tissue samples containing as little as 0-05-0-1 mg. S. 





RESULTS 
The sulphur content of rat tissues 


For the purpose of the present investigation it was 
necessary to know the total sulphur content of 
different rat tissues. Of the various methods used 
by previous investigators (Tarver & Schmidt, 1939; 
Boursnell, Francis & Wormall, 1946), the acid- 
digestion method of Pirie (1932) is the simplest and 
most convenient: but preliminary experiments by 
this method gave values for the sulphur content of 
brain tissue that were 5-10% lower than those 
reported by Young et al. (1949), who used the 
Carius bomb method. The Pirie method gave a 
recovery of sulphur as sulphate that was approxi- 
mately 100% with cystine, but often only 90-95 % 
with methionine. This agrees with Folch & Lees 
(1951), who found that methionine resisted oxida- 
tion with nitric acid, but was completely oxidized 
by aqua regia. Young et al. (1949) also found that 
the Pirie method gave low values for certain sulphur 


compounds. 
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In the present investigation, the modified Pirie 
(1932) method using a mixture of perchloric acid 
with aqua regia gave a recovery of sulphur from 
methionine of 99-1%+1-4 s.p. A series of eight 
determinations on human brain tissue (parietal 
cortex) gave a mean sulphur content of 1-58 + 0-04 
S.E., which agreed closely with the value 1-59+ 
0-01 s.z. obtained on the same sample of tissue by 
the Carius bomb procedure. Values obtained by this 
method for the sulphur content of Wistar albino 
rat (150-165 g.) tissues showed good agreement with 
values previously reported by Young e¢ al. (1949) 
(Table 1). 

Most of the sulphur of the tissues is present in the 
proteins as combined methionine and cysteine; but 
the lipid fraction contains a variable quantity of 
sulphatides, and the acid-soluble fraction contains 
taurine, glutathione, free methionine, cysteine and 
inorganic sulphate as well as other sulphur com- 
pounds present in smaller amounts. The total 8 
content of the three fractions in the liver and brain 
tissue of six Wistar albino rats (80-150 g.) is given 
in Table 2. It may be seen that in the brain about 
80 % of the sulphur is in the proteins, 5% in the 
lipids and 15 % in the acid-soluble fraction. Similar 
determinations of the sulphur content of the three 
fractions in the brain and liver of eleven rats of the 
Albino I strain gave values that agreed closely with 
these figures, except that the sulphur content of the 
brain acid-soluble fraction was 14% higher than 
with the Wistar albino rats. It was noted that the 
sulphur content of this fraction varied to some 


Table 1. The total sulphur content of some rat tissues, 
determined by different methods 


Results are expressed as mg. S/g. fresh tissue-S.E. 


Aqua regia— 
Carius bomb HNO,-HCIO, HClO, 
Tissue method* digestion digestion 
Whole brain 1-69+0-09 1-61+0-05 1-73+40-05 
Liver 2554016 2-20+0-21 2-40+0-11 
Kidney 2-47+0-11 2-42+.0-08 2-58+0-14 
Lung 2:10+0-:09 2-01+0-08 2-08 +0-12 
Spleen 2-20+0-18 2-25+0-16 2-56+0-16 
Heart 2-89+-0-17 2-82+0-08 3-00+0-08 
Leg muscle 2-47+0-09 2-56 + 0-06 2-70+0-13 


* The values are taken from Young et al. (1949). 
Table 2. The sulphur content of protein, lipid and 
acid-soluble fractions of Wistar albino rat tissues 


Results are expressed as mg. S/g. fresh tissue-++s.p. 
Sulphur content 


-—— H!UV 
Tissue fraction Liver Brain 
Protein 2-00 +0-14 1-36 40-02 
Lipid 0-15+0-04 0-11+40-02 
Acid-soluble 0°38 + 0-06 0-29 +0-08 
Total 2-53 1-76 
Whole tissue (total S) 2-40+0-11 1-73 40-05 
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extent with the age of the animal: this is shown in 
Table 3 for groups of Albino I rats of different 
weights. A variation in the sulphur content of this 
fraction with age has been previously reported by 
May (1948). 


The uptake of *S into different tissues from 
DL- and u-methionine 

Of eight tissues examined after intraperitoneal 
injection of pt-[*S]methionine, kidney showed the 
highest uptake of the isotope and brain and muscle 
the lowest (Table 4). The pattern of incorporation 
was similar to that previously reported for *S- 
labelled Di-methionine administered by the intra- 
venous route (Friedberg, Tarver & Greenberg, 
1948). To enable comparisons to be made between 
experiments with animals of different weights and 
with different doses of *S, the radioactivity of the 
tissues is given in terms of the relative specific 
activity, which is defined as 


specific radioactivity (counts/mg. 8) of tissue 
dose administered (counts/mg. body weight) * 


A similar unit was used by Tarver & Morse (1948). 

After intraperitoneal injection of L-[**S}methio- 
nine, the uptake of isotope was relatively lower in 
the kidney and higher in the liver than with the 
DL mixture: brain and muscle again gave the lowest 
uptake. This was observed both with Wistar albino 





Table 3. The variation with age in the sulphur 
content of the acid-soluble fraction of the rat brain 


Albino I rats were used. Results are expressed as 
mg. S/g. fresh tissue-+s.D. 


Rat weight No. of 
(g.) animals S content 
20-30 9 0-44+0-07 
30-50 8 0-37 40-05 
50-100 7 0-33 0-04 
100-200 6 0-29+0-01 
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rats and with a series of rats of the Albino I strain. 
The relative specific activity in liver tissue was 
initially nearly 10 times that in brain and muscle, 
but it gradually fell to a lower value that was main- 
tained for up to 24 hr. after injection: the relative 
specific activity in liver tissue at 6 hr. was 639, at 
8 hr. was 475 and at 24 hr. was 460. A high initial 
specific activity was to be expected in the liver, 
since methionine given by intraperitoneal injection 
would be transported first to the liver via the portal 
blood vessels before entering the general circulation. 

In brain tissue the relative specific activity 
quickly rose to 132, and there was relatively little 
change within 24 hr.: the relative specific activity 
at 6 hr. was 120, and at 24 hr. 132. It appears that 
the amount of **S entering the brain tissue was 
quickly balanced by the amount leaving the tissue, 
so that a state approaching an isotopic equilibrium 
was attained. 


The distribution of **S in the lipid, protein 
and acid-soluble fractions 


Liver tissue. Measurements of the specific radio- 
activity in the three fractions of liver tissue after 
the injection of L-[**S}methionine showed a high 
initial concentration of *S in the acid-soluble 
fraction (Table 5). The specific activity of this 
fraction decreased rapidly as the *S became dis- 
tributed throughout the other tissues of the body 
and was partly eliminated by excretion. The specific 
activity of the liver protein fraction showed less 
change. At 3 hr. the ratio of the specific activities in 
these two fractions 

specific activity of protein S 
specific activity of acid-soluble § 
had risen to 0-14 and after 5 hr. to 0-31. 

The specific activity of the liver lipid fractions 
was unexpectedly high and of the same order as 
that of the protein fractions, to which they ran 


Table 4. The relative specific activities in different tissues of Wistar albino rats at different times 
after the intraperitoneal injection of DL- and L-[*°S |methionine 


Rat no. 18 received 0-56 mg. DL-methionine giving 128 x 10° counts/min.; rat no. 17 received 0-47 mg. DL-methionine 
giving 102 x 105 counts/min.; rats no. 87-90 received 3 mg. L-methionine giving 9-2 x 10* counts/min. The methionine was 


dissolved in 0-15-0-25 ml. 0-9% NaCl. 





Time Relative specific activity 
Body after (counts/min./mg. S/counts/min./mg. body wt. administered) 
Rat wt. injection ¢ — oe F 
no. (g.) (hr.) Brain Liver Kidney Lung Spleen Heart Muscle Blood 
pu-[*58]Methionine 
18 49 3 128 646 1050 210 294 165 95 251 
17 56 24 158 542 756 241 361 183 91 286 
L-[*S]Methionine 
87 78 0-5 132 1208 384 224 274 178 134 — 
88 84 1 185 1592 556 305 — 176 130 — 
89 95 3 167 1438 712 364 415 218 97 — 
90 105 5 168 796 656 357 369 206 108 — 
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closely parallel. It was found experimentally that 
although the lipid fraction contains sulphatides, 
etc., the actual sulphur content of these compounds 
was small in comparison with that of the protein 
part of the lipoproteins extracted by lipid solvents 
and so included in the lipid fraction. If the radio- 
activity of the lipid fraction was due mainly to the 
protein residues of the lipoproteins, that might 
explain the high specific activity of this fraction. 

Brain tissue. The specific radioactivity of the 
acid-soluble fraction of the brain tissue was con- 
sistently low, while the specific activity of the brain 
protein fraction increased until it exceeded that in 
the acid-soluble fraction. Assuming that the 
observed radioactivity was due mainly to [*5S}- 
methionine, it appeared that any methionine that 
entered the acid-soluble phase of the brain tissue 
was quickly incorporated into the proteins: the 
relations were those to be expected if protein 
formation was actively taking place in the tissue. 
The ratio of the specific activity of protein S/ 
acid-soluble S was 0-89 at 3 hr. and 1-03 at 5 hr. 
after the injection. 

The specific activity of the brain lipid fraction 
was extremely low and, in view of the low sulphur 
content of this fraction (110 yg. lipid S/g. fresh brain 
tissue) and the low counting rate, the figures in 
Table 5 for this fraction are given with considerable 





reserve. 
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Table 5. The specific activities of lipid, protein and acid-soluble fractions of Wistar albino rat tissues 
at different times after injection of L-[35S methionine 





The incorporation of **S into tissue 
fractions of Albino I rats 


The specific activities of the protein, lipid and 
acid-soluble fractions of a group of Albino I rats 
were determined, as before, at different times after 
injection of t-[**°S]methionine. The results for liver 
and brain tissue were similar in general to those 
obtained with the Wistar albino rats and confirmed 
the previous findings: but the specific activity of the 
brain acid-soluble fraction was lower throughout 
(Table 6). This might be due in part to a higher 
content of inactive sulphur compounds in the acid- 
soluble fraction, since the mean total S content of 
the acid-soluble fraction was 14% higher than in 
the Wistar albino rats. The specific activity ratios 
increased more rapidly and remained at a higher 
level than in the Wistar albino rats. In the liver 
tissue the specific activity of the lipid fraction was 
again high and similar in magnitude to that of the 
protein fraction. The ratios of specific activity of 
protein S/acid-soluble S for liver tissue were 0-14 at 
0-5 hr., 0-21 at 2 hr., 0-34 at 4 hr., 0-63 at 8 hr. and 
1-1 at 24 hr. The individual specific activity figures 
of the different fractions showed greater variation 
in the Albino I than in the Wistar albino rats, but 
the specific activity ratios were again consistent in 
that the values for different times fell on a smooth 
curve. The specific activity ratios are largely inde- 





Each rat received 3 mg. L-methionine, giving 9-2 x 10* counts/min., in 0-15 ml. 0-9% NaCl by intraperitoneal injection. 





Time Specific activity Specific activity ratios 
Body after (counts/min./mg. 8) 
Rat wt. injection A ———, Lipid S/ Protein S/ 
no. (g.) (hr.) Acid-soluble S Lipid § ProteinS acid-soluble S acid-soluble § 
Liver 

87 78 0-5 6090 834 607 0-14 0-10 

88 84 1 8660 901 790 0-10 0-09 

89 95 3 5170 578 755 0-11 0-14 

90 5 1870 454 573 0-24 0-31 








87 , 477 

88 84 1 465 

89 95 3 184 
5 


90 149 











Table 6. The specific activities of lipid, protein and acid-soluble fractions of the brain of Albino I rats 
at different times after intraperitoneal injection of u-[?>S methionine 























20 80 0-04 0-17 
64 149 0-14 0-32 
56 163 0-31 0-89 


62 153 0-42 1-03 











The solution (0-22 ml. 0-9% NaCl) injected contained 1-1 mg. t-methionine giving 9-2 x 10* counts/min. 


Time Specific activity Specific activity ratios 

Body after (counts/min./mg. S$) \ 
Rat wt. injection — Lipid S/ Protein S/ 
no. (g.) (hr.) Acid-soluble S Lipid § Protein S acid-soluble S acid-soluble § 
18 59 0-5 283 47 127 0-16 0-45 
20 69 2 83 28 114 0-33 1-4 
21 82 4 151 59 278 0-39 1-8 
23 82 8 78 27 140 0-34 1:8 
2 80 24 117 19 172 0-16 1-5 
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pendent of variable factors such as the rate of pene- 
tration of the isotope into the tissue and the dose 
administered: they would appear to be more 
satisfactory than the individual specific activity 
figures as an index of the incorporation of isotope 
into the lipid and protein fractions. 


DISCUSSION 


The uptake of **S from [*5S]methionine into rat 
tissues was studied by Friedberg et al. (1948) using 
the pt amino acid. The D isomer is not used directly 
for protein synthesis in animal tissues: its presence 
appeared undesirable in isotopic experiments both 
for that reason and also in view of the report of 
Simpson & Tarver (1950) that in liver slices it 
interferes with the incorporation of the L isomer into 
proteins. 

The present study of the rate of uptake of *5S into 
the rat tissues, using the L isomer of [°5S}methionine, 
showed that there was a rapid appearance of **S in 
the liver and other tissues shortly after injection, 
while the concentration in brain and muscle tissue 
remained relatively small. The order of radio- 
activity of the different tissues was similar to that 
observed by Friedberg et al. (1948) with the DL 
mixture, except that the radioactivity was re- 
latively lower in the kidney and higher in the liver 
tissue. It was thought at first that this difference 
might be due to the fact that the L-methionine was 
given by intraperitoneal injection, whereas the DL 
mixture had been administered by intravenous 
injection: but the difference was still observed when 
both were given by the same route (Table 4). The 
relatively high concentration of the isotope in the 
kidney after adminstering the pL mixture may be 
attributed to the activity of the kidney in with- 
drawing the unnatural p isomer from the circula- 
tion: the kidney is known to contain a D-amino acid 
oxidase and is active in excreting D-amino acids 
(Camien, Malin & Dunn, 1951). Apart from the 
differences observed in the liver and kidney, these 
experiments gave no indication that the DL mixture 
behaves differently from the L isomer in the dis- 
tribution pattern of radioactivity in different tissues. 

Gaitonde & Richter (1955) have shown that 
L-[*5S}]methionine can be isolated from the brain 
proteins after administration in vivo, and they have 
obtained evidence that the activity of the tissue is 
due mainly to [*5S]methionine, with a small pro- 
portion of [*5S]eysteine, combined in the proteins by 
peptide bonds. It is therefore reasonable to assume 
that under the conditions of these experiments the 
incorporation of *5S into the brain proteins is 
_ attributable to protein formation in the brain. The 
present study of the specific activity of the different 
tissue fractions shows that, while the total *°S 
content of brain tissue is small, the radioactivity of 
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the brain proteins is high in comparison with that of 
the acid-soluble fraction. It would appear that any 
[*5S}methionine that gets through the blood-brain 
barrier into the brain is rapidly incorporated into 
the brain proteins; the evidence therefore suggests 
that the metabolic activity of the brain proteins 
must be relatively high. 

The incorporation of *S from t-[**S]methionine 
into the proteins and lipid fractions of the tissue 
followed a pattern that was essentially similar in 
rats of Wistar albino and Albino [I strains, but 
certain differences were noted in the ratios of the 
specific activities of various tissue fractions, due 
possibly to differences in enzymic activity and 
other factors, in animals of different genetic strains. 
Large differences in the rate of incorporation of 
[?5S]methionine into liver tissue in rats of different 
genetic strains have been previously reported by 
Rutman, Dempster & Tarver (1949). It would 
appear that in work on protein metabolism in- 
volving comparisons between different animals, the 
animals used should be of uniform genetic strain. 


SUMMARY 


1. The specific radioactivity of rat tissues was 
measured at different times after the intraperi- 
toneal injection of L-[*5S}methionine into rats. The 
pattern of uptake of *S in order of decreasing radio- 
activity was: liver, kidney, spleen, lung, heart, brain 
and muscle. 

2. The pattern of uptake of **S from pt-[*5S]- 
methionine differed from that of the L isomer for 
liver and kidney, but was similar for other tissues. 

3. The specific activities of lipid, protein and 
acid-soluble fractions of brain and liver tissue were 
measured. There was a relatively rapid uptake of 
35§ from the acid-soluble into the protein fraction of 
the brain. 

4. The rate of uptake of **S into the tissues 
depends on constitutional factors that were found to 
vary in rats of two different genetic strains, but with 
animals of uniform strain consistent results were 
obtained. 

5. Values are given for the total sulphur content 
of rat tissues, and for the sulphur content of the 
protein, lipid and acid-soluble fractions of liver and 
brain. 
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The Specific Polysaccharides of some Gram-negative Bacteria 


By D. A. L. DAVIES 
Microbiological Research Department, Porton, Wilts. 


(Received 5 November 1954) 


In their work on the specific capsular polysac- 
charides of the Pneumococci, Goebel and Avery and 
their collaborators (see Goebel & Avery, 1931; 
Goebel, 1939) showed the kind of chemical relation- 
ship which existed between some of the materials 
and which accounted for their serological cross- 
reactivity. A number of specific polysaccharides 
elaborated by organisms in the Gram-negative 
group have been examined chemically in spite of the 
difficulty in obtaining adequate amounts of starting 
material and of identifying sugars by isolation from 
complex mixtures in polysaccharide hydrolysates. 
The development of chromatographic methods of 
analysis has much simplified the task of identifica- 
tion and much smaller quantities of material are 
required. 

From the specific degraded polysaccharide of the 
‘Smooth’ form of Shigella dysenteriae, Morgan 
(1936, 1938) isolated derivatives of N-acetyl- 
glucosamine, galactose and rhamnose; Jesiatis & 
Goebel (1952) found that the Shigella sonnei 
specific lipopolysaccharide contained acetylglucos- 
amine, galactose, glucose and a heptose; Goebel, 
Binkley & Perlman (1945) isolated specific poly- 
saccharides from some strains of Shigella flecneri and 
demonstrated the presence of acetylglucosamine, 
glucose and rhamnose. These three Shigella species 
thus appeared to contain acetylglucosamine and the 
three possible combinations of two from the other 
three hexose sugars, galactose, glucose and rham- 
nose. Aldoheptose sugars have recently been found, 
not only in Sh. sonnei products but also in a specific 
polysaccharide material obtained from Sh. flexneri 
(Slein & Schnell, 1953) and in the specific protein— 
polysaccharide complex of Sh. dysenteriae (Davies & 
Morgan, 1954). None of these heptoses has yet been 
identified by isolation of the sugar or of a character- 


istic derivative. Although some family relationship 
is revealed by the qualitative composition of the 
Shigella polysaccharides, a group of materials which 
do not generally cross-react serologically (Weil, 
1947), the situation has been somewhat complicated 
by the discovery of a ‘phage-resistant mutant of 
Sh. sonnei whose specific lipopolysaccharide appears 
to contain one unidentified hexosamine and no 
other sugar residue (Goebel & Jesiatis, 1952). 

In the Salmonella group, galactose, glucose and 
mannose were identified as components of the 
specific degraded polysaccharides of Salm. typhosum, 
(Freeman, 1942) and Salm. typhimurium (Freeman, 
1943). These three sugars were also found in the 
specific polysaccharide of Salm. abortus equi by 
Liideritz & Westphal (1952a) with the addition of 
hexosamine, rhamnose and abequose. 

In two strains of Escherichia coli examined by 
Liideritz & Westphal (19526), and belonging to 
different ‘0’ groups, acetylhexosamine, galactose, 
glucose and rhamnose were present in the poly- 
saccharides; one material also contained xylose 
whereas the other contained mannose. 

Single strains of organisms fror. other taxonomic 
groups have yielded polysaccharides composed of 
yet other groups of sugars, e.g. galactose and 
mannose in Haemophilus pertussis (Akiya, Taka- 
hashi, Kuriyama & Ogawa, 1951), hexosamine, 
glucose and methylpentose in Serratia marcescens 
(Hartwell, Shear, Adams & Perrault, 1943), 
acetylhexosamine, galactose and mannose in 
Proteus vulgaris (Bendich & Chargaff, 1946), glucose 
and glucuronic acid in Klebsiella pneumoniae 
(Goebel & Avery, 1927), glucose, galactose, arabinose 
and glucuronic acid in Vibrio spp. (Linton, 1940) 
and glucosamine, glucose, xylose and rhamnose in 
Trichomonas foetus (Feinberg & Morgan, 1952). 
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These data suggest, as would be suspected on 
serological grounds, that different groups of sugars 
may be characteristic of different taxonomic groups 
of bacteria. To what extent the specific polysac- 
charides differ in structure in serologically closely 
related bacteria is, however, not known, except in 
the case of Pneumococcus Types III and VIII 
(Goebel, 1935). 

In this communication some data on the com- 
position of the specific polysaccharides of a number 
of Gram-negative bacteria are recorded. The 
materials were isolated, not primarily for this 
purpose, by extraction of acetone-dried cells with 
trichloroacetic acid (Boivin, Mesrobeanu & Mesro- 
beanu, 1933). This method was chosen for several 
reasons; material having the specificity of the ‘0’ 
somatic antigen can be extracted in this way from 
the ‘Smooth’ forms of all Gram-negative bacteria 
which have been tested (Boivin, Mesrobeanu, 
Mesrobeanu & Nestorescu, 1934; Boivin & Mesro- 
beanu, 1937), except Pasteurella pestis (Girard, 
1941). P. pestis does, however, contain a somatic 
antigen which will be described in a subsequent 
communication. Some milder methods of extraction 
which are more effective in certain cases are more 
restricted in their applicability, e.g. diethylene 
glycol is a very good solvent for the recovery of 
the somatic antigenic material of Sh. dysenteriae 
(Morgan, 1937; Morgan & Partridge, 1940, 1941) but 
it fails to extract the analogous material from some 
strains of Sh. fleeneri (Goebel et al. 1945). Although 
the yield by the trichloroacetic acid method is 
usually less than that obtained by other methods 
when these are applicable, its use does avoid the 
necessity of searching for a suitable solvent for each 
organism investigated. The product of trichloro- 
acetic acid extraction is highly antigenic whereas by 
some other methods a specific but non-antigenic 
material is obtained. The warm 45 % phenol method 
of Westphal, Liideritz & Bister (1952), which 
appears to be of general applicability, yields a 
specific lipopolysaccharide which is pyrogenic and 
toxic (Westphal, Liidertiz, Eichenberger & Keider- 
ling, 1952), such a material can be a Forssman 
heterophile antigen without inducing the formation 
of specific agglutinins or precipitins (Davies & 
Morgan, 1954). Trichloroacetic acid extracts are not 
grossly impure and after fractionation with ethanol 
are composed principally of two components; one is 
the protein—polysaccharide—phospholipid antigen, 
the other is free specific undegraded polysaccharide 
hapten. The antigenic material can be readily 
separated from the polysaccharide hapten and 
other relatively small molecular species by sedimen- 
tation in a preparative ultracentrifuge at 100000 g 
(Davies & Morgan, 1953). 

Antigens prepared in this way have been hydro- 
lysed with dilute acetic acid to liberate the degraded 
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polysaccharide haptens which were further hydro- 
lysed and examined chromatographically. Data are 
recorded for eighteen different Salmonellas and 
several strains of Shigella and Chromobacterium 
violaceum. 


MATERIALS AND METHODS 


Organisms investigated. The strains of bacteria used in this 
investigation are detailed in Table 1. 

Materials for analysis. Samples of extraction products for 
analysis were thoroughly dialysed against distilled water at 
0-2° and dried from the frozen state. They were further 
dried to constant weight in vacuo at 78° before making into 
solutions of known concentration in water. 

Total nitrogen. The Kjeldahl method was used with the 
distillation apparatus of Markham (1942) and the mixed 
bromocresol green—methyl red indicator of Ma & Zuazaga 
(1942). 

Phosphorus. Determinations were made on samples 
containing 5-20 yg. of P by a modification of the method of 
Fiske & Subbarow (1925). 

Hexosamine. This was estimated by a modification of the 
colorimetric method of Elson & Morgan (1933) on samples 
which had been hydrolysed, except where otherwise stated, 
with 0-5n-HCI for 8 hr. at 100°. 

Ultracentrifuging. High-speed centrifuging was carried 
out in a ‘Spinco’ model ‘L’ preparative ultracentrifuge at 
2-4°. Figures given for the force in g refer to the force 
exerted at the centres of the tubes and represent average 
values. 

Chromatography, Samples of polysaccharides were 
hydrolysed in sealed ampoules at 100° with 0-5n-H,SO, for 


Table 1. Strains of bacteria used for the extraction 
of specific polysaccharides 
Organism Strain 
Salmonella paratyphosum A H.A.6. 
Salm. typhimurium M.R.D. 
Salm. stanley 
Salm. salinatis 
Salm. budapest 
Salm. choleraesuis 
Salm. montevideo 
Salm. newport 
Salm. kottbus 
Salm. typhosa 
Salm. dar-es-salaam (5773 
Salm. gallinarum 5775 
Salm. london 5777 
Salm. senftenberg N.C.T.C. +3158 
Salm. meleagridis 6023 
Salm. niloese 5789 
Salm. grumpensis \6533 
Shigella dysenteriae K 624 ‘S’ 
Sh. schmitzii N.C.T.C. 8212 
Sh. dispar N.C.T.C. 7921 
Sh. alkalescens Brig. Archer, R.A.M.C. 
‘Lewitus’ 
N.C.T.C. 7917 
‘Birch’ 
Chromobacterium violaceum } ‘Brown’ 
‘Mentekab’ 


5716 
6247 
5724 
5736 
5747 
5751 
‘5753 
*‘O’ 901 


‘Frazer’s Hill’ 
‘Amethystinum’ 
‘Metropolitan Water Board’ 
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8 hr., except where otherwise stated, and neutralized with 
Ba(OH),. The neutral salt-free hydrolysates were evapor- 
ated to dryness in vacuo and redissolved at suitable concen- 
trations for application to paper chromatograms. Whatman 
no. 1 paper was used with a variety of solvent systems 
(phenol, collidine—-lutidine-water, ethyl acetate—pyridine— 
water and butanol—pyridine—water). Papers were sprayed, 
after drying, with 3% anisidine hydrochloride in water- 
saturated butanol (Hough, Jones & Wadman, 1950) which 
distinguishes by colour the different classes of sugars, and 
with ninhydrin or AgNO, to reveal hexosamines. 


eX PERIMENTAL 


Preparation of organisms. Cultures were checked for 
smoothness of colonial morphology and _ salt-stability. 
Strains of Salmonella and Shigella were grown for 22 hr. at 
37° on CCY agar (Gladstone & Fildes, 1940) in enamelled 
steel trays each containing 500ml. of medium, or in 
‘Thompson’ bottles containing 250ml. of CCY broth. 
Strains of Chromobacterium violaceum were grown on tryptic 
meat digest agar in Roux bottles. The growths were washed 
off agar surfaces or separated by centrifuging in the cold 
from broth cultures and washed in the cold with saline and 
with water; the sedimented cells were resuspended in cold 
distilled water and poured into 10 vol. of acetone at — 10°. 
The acetone was changed several times and the cells finally 
dried in vacuo over H,SO, and stored at 0° over PO, until 
required. 

Extraction with trichloroacetic acid. Dry bacteria were 
suspended in distilled water at 0-2° at 2% (w/v) concentra- 
tion and an equal volume of cold n trichloroacetic acid was 
added. The mixture was stirred in the cold for 2-3 hr. and 
centrifuged at 12 000g to separate the cells. The super- 
natant solution was dialysed in the cold until largely free 
from acid and concentrated under reduced pressure (at 16°) 
to a concentration of about 1 % (w/v) of total solid material. 
The solution was then fractionated with cold ethanol. 

When an extract of Sh. dysenteriae was made in this way 
(Davies, 1953), the material which was precipitated from 
solution between 50 and 84% (v/v) ethanol concentration 
was found on examination in the analytical ultracentrifuge 
to be composed of two substances. One was a rapidly 
sedimenting polydisperse component and the other showed 
a relatively slow-moving sharp peak. These materials had the 
same serological specificity but the heavy component was 
an antigenic protein—polysaccharide—phospholipid complex, 
whereas the component of smaller molecular size was a non- 
antigenic undegraded specific polysaccharide hapten. These 
materials could be separated by fractional high-speed 
centrifuging, the polysaccharide remaining in solution when 
the antigen was sedimented at 100000 g; repeated centri- 
fuging was necessary to free each material from the other. 

Trichloroacetic acid extracts of the other organisms 
examined behaved in much the same way as that of Sh. 
dysenteriae. The amount of ethanol required to precipitate 
the antigenic material varied in different cases and the more 
soluble preparations which required larger amounts of 
ethanol for precipitation were contaminated with a poly- 
glucose which remained in admixture with the specific 
polysaccharide in the 100 000g supernatant fluid after 
ultracentrifugation. 

One batch of cells of Salm. poona was extracted with warm 
45 % phenol according to the method of Westphal, Liideritz 
& Bister (1952). Lipopolysaccharide was obtained by 
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ethanol precipitation from the aqueous phase which separ- 
ated on cooling the suspension to 2°. The yield by this 
method was substantially higher than that obtained by 
trichloroacetic acid extraction but the product was con- 
taminated with nucleic acid, the last traces of which were 
only removed with difficulty. 

Preparation of the specific degraded polysaccharide haptens. 
The purified antigens were dissolved at 1% (w/v) concentra- 
tion in 1% (v/v) acetic acid and heated for 4 hr. at 100° in 
an atmosphere of nitrogen. The hydrolysis products were 
extracted with ether to remove phospholipid and the 
protein component was separated by centrifuging, washed 
with 1% acetic acid and freeze-dried. The acetic acid 
supernatant solution and washings of the sedimented 
protein were combined and reduced to about a third of their 
volume by evaporation under reduced pressure at 16°, and 
the polysaccharide was then precipitated by the addition of 
several volumes of ethanol; precipitation with ethanol was 
repeated at least once and the material finally redissolved 
in water, centrifuged at 20000g for 30 min. to remove 
traces of insoluble material, dialysed and freeze-dried. 

Physical examination of the polysaccharide haptens. It has 
not been possible to examine all of the specific polysaccharide 
preparations for homogeneity. Three typical specimens were 
examined in the analytical ultracentrifuge (Spinco model 
‘E’); Salm. kottbus and Salm. niloese polysaccharides were 
run at pH 4-1 (1% (w/v) concentration in acetate buffer, 
I=0-1, containing 0-1mM-NaCl) and Salm. salinatis material 
at pH 8 (0-44% (w/v) concentration in phosphate buffer, 
I =0-2). The three preparations all behaved in the same way 
and only a single sedimenting peak was revealed in each case; 
a typical photograph is shown in Fig. la. 


( 


Fig. 1. Ultracentrifugal and electrophoretic examination of 
some Salmonella polysaccharide preparations. (a) Salm. 
niloese sedimentation pattern, concentration 1% (w/v) in 
acetate buffer pH 4-1, J =0-2, force 260000 g, exposure at 
2-5 hr. (b), (c) and (d) electrophoresis diagrams showing 
the ascending limb of enantiographic pictures; (b) Salm. 
montevideo concentration 0:5% (w/v) in acetate buffer 
pH 4, J =0-2, exposure at 8 hr., potential gradient 1-06v/ 
cm. (c) Salm. budapest concentration 0-45% (w/v) in 
acetate buffer pH 4, J =0-1, exposure at 17-5 hr., poten- 
tial gradient 2-83v/cem. (d) Salm. salinatis concentration 
0-44% (w/v) in phosphate-buffer pH 8, J =0-2, exposure 
at 13 hr., potential gradient 2-2v/em. Direction of move- 
ment is shown by arrows. 
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Examination in the Tiselius electrophoresis apparatus 
showed, however, that more than one component was 
present in some cases. Salm. montevideo polysaccharide 
showed one component after running for 8 hr. at pH 4 in 
acetate buffer (J =0-2), and the ascending and descending 
peaks were enantiographic; a photograph of the ascending 
limb is shown in Fig. 1b. Salm. budapest polysaccharide 
preparation showed two peaks both at pH 4 and at pH 8 
(acetate and phosphate buffers, J =0-1 and 0-2, respectively). 
The patterns were enantiographic and a photograph of the 
ascending limb is shown in Fig. 1c. Salm. salinatis poly- 
saccharide showed at least three components after running 
for 13 hr. at pH 8 (phosphate buffer, J =0-2) ; a picture of the 
ascending limb is shown in Fig. 1d. 

The significance of the electrophoretic results is not 
known, and further work will be necessary in order to find 
what the several components represent. 


RESULTS 

Different numbers of trays or bottles were used 
when growing the various organisms but some 
strains gave much better growth than others; 
Salm. gallinarum always gave very small growths. 
Antigens. Details of the antigenic protein— 
polysaccharide—phospholipid complexes are shown 
in Table 2; the yields were very variable the lowest 
being from Salm. stanley (0-25 %) and the highest 
from Salm. newport (6-7 %). The N contents varied 
between 1:5 and 4:8% and the P values were 
between 1:0 and 5-6% among the Salmonella 
products; these variations were related to differences 
in the proportions of the components in the com- 
plexes, the high N figures being found in prepara- 
tions having a high protein content except where 
substantial amounts of hexosamine were present in 
the polysaccharide components as, for example, in 
Salm. poona and Sh. alkalescens. 


Table 2. The ‘0’ antigenic complexes of some Gram-negative bacteria 


Organism 


Salmonella paratyphosum A 

Salm. typhimurium 

Salm. stanley 

Salm, salinatis 

Salm. budapest 

Salm. choleraesuis 

Salm. montevideo 

Salm. newport 

Salm. kottbus 

Salm. typhosa 

Salm. dar-es-salaam 

Salm, gallinarum 

Salm. meleagridis 

Salm. senftenberg 

Salm. niloese 

Salm. grumpensis 

Salm. poona 

Shigella schmitzii 

Sh. alkalescens 

Sh. dispar 

Chromobacterium violaceum ‘ Brown’ 
‘Birch’ 
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The analytical figures found for the Shigella anti- 
gens were not very dissimilar from those previously 
recorded for the Sh. dysenteriae antigenic complex 
(Davies, Morgan & Mosimann, 1954). The Chr. viola- 
ceum strains yielded antigens with low P contents. 

Polysaccharides. The conditions of hydrolysis 
employed to separate the degraded polysaccharide 
haptens from the antigenic materials were those 
which had been found most suitable for the recovery 
of the degraded polysaccharide of Sh. dysenteriae. 
The conditions are probably not ideal in the case 
of some of the other materials examined. The N 
content of some of the polysaccharides is consider- 
ably higher than can be accounted for by their 
hexosamine contents ; this was due to the presence of 
amino acids, which did not, however, interfere with 
the chromatographic examination of the materials. 
The yields and N contents of the degraded poly- 
saccharides are shown in Table 3; the P contents 
were very low in most cases and all were below 1 %. 

The sugars composing the specific polysaccharides 
of the Salmonellas are shown in Table 4. Traces of 
hexosamine were present in most of the samples but 
significant amounts were found only in Salm. 
paratyphosum A (7%), Salm. montevideo (13%), 


Salm. poona (16%) and Salm. grumpensis (16% 


%o)- 
All of the Salmonella materials contained galactose, 
glucose and mannose except for those of Salm. 
poona, Salm. grumpensis and Salm. choleraesuis 
which contained no mannose. Other sugars present 
in some of the preparations were arabinose, xylose, 
fucose, rhamnose, abequose, tyvelose and one un- 
identified sugar. 

Abequose and tyvelose have recently been 
described by Westphal, Liideritz, Fromme & 
Joseph (1953) and appear to be bisdeoxyhexoses. 








Yield N P 








(mg.) (% (%) (%) 
376 0-3 4-2 1-1 
20 1-7 4-6 2-3 
104 0-25 2-9 >°6 
1160 2-0 2-14 2-8 
443 ig 2-4 1-9 
33 2-5 
2800 2-8 1-5 1-3 
6680 6-68 2-4 1-25 
712 28 2-2 1-85 
450 1-3 2-6 1-7 
294 1-1 1-84 2-1 
39 1-0 = 3-6 
115 0-8 ~~ = 
1070 0-85 3-7 1-0 
864 1-8 1-64 1-8 
157 0-43 2-3 4-2 
1200 1-5 4:8 1-8 
5880 6-3 4-7 1-6 
320 1-0 5-2 1-2 
980 2-1 4-9 1-8 
22 1-0 58 0-03 
111 2-7 6-1 0-6 
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The unidentified sugar was found in Salm. para- 
typhosum A and Salm. choleraesuis; like the bis- 
deoxysugars this travelled very rapidly on paper 
chromatograms. In butanol—pyridine—water as 


solvent, Ry, values (representing rate of movement 
compared with that of rhamnose) found were: 
abequose 1-18, tyvelose 1-30 and the unidentified 
component 1-44; this latter substance gave a rela- 
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tively small spot which was only clearly visible when 
a larger amount of polysaccharide hydrolysate was 
applied to the paper than was used in the runs shown 
in Figs. 2 and 3; when spots were eluted from paper 
chromatograms and examined by the sulphuric acid— 
cysteine reaction (Dische & Shettles, 1948; Dische, 
Shettles & Osnos, 1949), the same absorption spec- 
trum was obtained as with tyvelose and abequose. 


Table 3. Thedegraded polysaccharide haptens of some Gram-negative bacteria 


Organism 


Salmonella paratyphosum A 


Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 
Salm. 


typhimurium 
stanley 
salinatis 
budapest 
choleraesuis 
montevideo 
newport 
kottbus 
typhosa 
dar-es-salaam 
gallinarum 
london 
meleagridis 
senftenberg 
niloese 
grumpensis 
poona 


Chromobacterium violaceum (‘ Brown’) 


‘0’ Group: 


A 
pe 


1..2 


Galactose 


Glucose 


Mannose/arabinose 


Xylose 


Rhamnose 


Abequose 


Tyvelose 


’ 435 6 7 8 


Fig. 2. Paper chromatogram showing the sugar compo- 
nents of some Salmonella specific polysaccharides (‘0’ 
groups A, B and C). Run with butanol—pyridine—water 
and sprayed with anisidine. 1, Paratyphosum A; 
2, typhimurium; 3, budapest; 4, salinatis; 5, stanley; 
6, montevideo; 7, choleraesuis; 8, kottbus; 9, newport. 


Polysaccharide 
recovered Yield (% wt. N 
(mg.) of antigen) (%) 

193 22 3-16 
122 31 3-4 

6-3 16 

167 34 

183 42 

4-0 20 

491 49 
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Fig. 3. Paper chromatogram showing the sugar components 
of some Salmonella specific polysaccharides (‘0’ groups 
D, E and @). Run with “butanol—pyridine-water and 
sprayed with anisidine. 1, T'yphosa; 2, gallinarum; 
3, dar-es-salaam; 4, meleagridis; 5, london; 6, niloese; 
7, senfltenberg; 8, poona; 9, grumpensis. 
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The relative amounts of the various sugars 
present can be roughly judged by examination of 
the photographs shown in Figs. 2 and 3, when it is 
borne in mind that deoxysugars react somewhat 
less strongly with the anisidine spray reagent than 
the hexoses and that the pentoses react more 
strongly than hexoses. Although mannose and 
arabinose cannot be distinguished in the photo- 
graph (Fig. 2), they show on the papers as brown 
and pink spots respectively ;*the Salm. choleraesuis 
polysaccharide spot in the mannose position is 
actually due to arabinose. Similarly, xylose and 
fucose cannot be readily distinguished in Fig. 3, 
although they appeared on the paper as pink and 
yellow-green spots, respectively; Salm. senftenberg 
contains xylose and ‘0’ group G organisms fucose 
(overlapping a trace of ribose in Salm. poona due to 
nucieic acid contamination). Hexosamines are not 
revealed by anisidine under the conditions used in 
Figs. 2 and 3; they give a yellow colour on longer 
heating with the spray reagent but this treatment 
impairs the characteristic colours by which the 
other groups of sugars are distinguished. 

Details of some Shigella polysaccharides are 
shown in Table 5; Sh. schmitzii and Sh. dispar 
specific polysaccharides contained all of the four 
hexoses previously found in Shigella species 
(glucosamine, galactose, glucose and rhamnose), 
while that of Sh. alkalescens contained, like Sh. 
sonnei, no rhamnose. Sh. alkalescens differed from 
the other Shigella species in that both glucosamine 
and chondrosamine were present and in approxi- 
mately equal amounts; thetotal hexosamine content 
amounted to 35 % of the weight of the material. The 
usual conditions of hydrolysis which had been 
employed to separate the sugars from the various 
polysaccharides (0-5N acid for 8 hr.), failed to give 
complete hydrolysis of the Sh. dispar and Sh. 
alkalescens preparations, which required treatment 
with n acid for 12 hr. to produce discrete spots on 
paper chromatograms. These polysaccharides all 
differ from those of most of the Salmonella group in 
not containing mannose, but also differ from those 
Salmonellas containing no mannose in that Salm. 
choleraesuis contains two pentoses and the group G 
organisms two hexosamines and fucose. 

The Chr. violaceum strains yielded polysac- 
charides which appeared to have little in common 
with one another except for ‘Brown’ and ‘Birch’ 
which were qualitatively identical and cross- 
reacted strongly serologically. Two aldoheptose 
sugars were found (Table 5), one in strains ‘Brown’ 
and ‘Birch’ present in substantial amounts, and 
another in strain N.C.T.C. 7917 in smaller, but still 
considerable amount. These sugars have not yet 
been isolated but were identified by their character- 
istic colour on paper chromatograms sprayed with 
anisidine and, after elution from paper, by their 
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absorption spectrum given after treatment with 
sulphuric acid and cysteine (Dische, 1953) and other 
reactions described by this author. The ‘ Brown’ and 
‘Birch’ heptose travelled on paper chromatograms 
in the position of D-manno-p-gala-heptose and 
differed from five other aldoheptoses examined. In 
the N.C.T.C. 7917 material the heptose travelled at 
the same rate as D-gala-D-manno-heptose. The only 
uronic acid found was galacturonic acid in Chr. 
violaceum strain ‘Lewitus’. 


DISCUSSION 


The yield of ‘0’ specific material obtained by tri- 
chloroacetic acid extraction differed considerably in 
different strains, due possibly to differences of 
‘Smoothness’ and to the fact that since strains had 
varying growth rates organisms were unavoidably 
reaped at different stages of growth. Differences 
in the relative amount of antigenic complex and 
free specific undegraded polysaccharide were also 
found in the crude extracts and analysis of the 
antigenic fractions showed that the relative amounts 
of protein and polysaccharide components in the 
complexes varied. 

The extent of the electrophoretic examination of 
the degraded polysaccharides is insufficient for the 
results to be interpreted at present. The several 
components detected by electrophoresis failed to 
separate on ultracentrifugation. Molecules of the 
same order of size as these degraded polysaccharide 
haptens had been removed from the parent anti- 
genic preparations by high-speed centrifuging and 
the components must all have arisen by mild acetic 
acid hydrolysis of the antigens. 

Mild acetic acid hydrolysis of the somatic anti- 
genic complex of Sh. dysenteriae was considered to 
release polysaccharide by the splitting of a relatively 
labile link between acetylglucosamine and other 
sugar residues (Davies & Morgan, 1954). As such 
a labile link may not be present in the polysac- 
charides examined this might account for the in- 
complete separation of polysaccharide from anti- 
genic complex found in some cases, the N content of 
some of the polysaccharides being 1-2% higher 
than could be accounted for by their hexosamine 
content. 

Among the Salmonellas, all strains contained 
galactose and glucose and, except in ‘0’ group G 
(Kauffmann, 1951) and Salm. choleraesuis, mannose 
was present. These three sugars have not been found 
together in any of the other polysaccharides 
extracted but were present in one Esch. coli strain 
recorded by Liideritz & Westphal (19526). Those 
Salmonellas not containing mannose differ in some 
other respect from any other polysaccharide 
examined. One strain from ‘0’ group ‘A’ contained 
eight different sugar residues. A group ‘B’ strain, 
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Salm. abortus equi, was examined by Westphal, 
Liideritz, Eichenberger & Keiderling (1952) and its 
specific polysaccharide was found by these workers 
to contain five hexoses. The four group ‘B’ strains 
detailed in Fig. 2 contained the same sugar residues 
as the Salm. abortus equi preparation but Salm. 
stanley also contained a small amount of xylose. 
Two organisms in group ‘C’ did not match, Salm. 
montevideo having galactose, glucose, mannose and 
hexosamine while Salm. choleraesuis contained 
galactose, glucose, arabinose, xylose and only traces 
of hexosamine. Pairs of organisms in groups ‘C,’ 
and ‘#,’ and three in group ‘D’ corresponded well 
within their groups. In group ‘HZ,’ Salm. senftenberg 
differed from its partner Salm. niloese in containing 
a small amount of xylose. Two group ‘G’ organisms 
corresponded well and both contained glucosamine 
and chondrosamine; the latter sugar has not been 
recorded from any other bacterial source (Davies, 
1954), but is present in larger amount in the Sh. 
alkalescens polysaccharide. 

Either tyvelose or abequose (Westphal e¢ al. 
1953) was present in ten of the eighteen strains 
examined. In Salm. paratyphosum A and Salm. 
choleraesuis a spot with a very high R, value was 
found on chromatograms and appeared to be due to 
a similar deoxy sugar. 

The distribution of xylose is scattered ; significant 
amounts were present in the products of four 
Salmonellas all of which belonged to different ‘0’ 
groups. A faint spot on chromatograms in the 
xylose position was found in several other poly- 
saccharide preparations but these probably repre- 
sented very small amounts as the anisidine spray 
reagent is very sensitive for this sugar. 

In the Shigella group the polysaccharides ex- 
amined and those recorded previously in the 
literature contain different hexoses from among a 
group of only four; glucosamine, galactose, glucose 
and rhamnose. The heptose sugar found by Slein & 
Schnell (1953) was phosphorylated and the heptose 
found by Jesiatis & Goebel (1952) was present in a 
material containing phosphorus. In Shigella dysen- 
teriae heptose is present in the antigenic complex and 
the toxic phospholipopolysaccharide but not in the 
degraded polysaccharide which is free of phosphorus. 
The heptose in Sh. dysenteriae is present in relatively 
small amount, unlike those now found in several 
bacterial polysaccharides, including three strains 
of Chr. violaceum. In these cases the polysac- 
charides are free of phosphorus and the heptose 
sugar is a major component. Chr. violaceum strains 
appear to be a serologically heterogeneous group, 
and this is borne out by the finding that their 
specific polysaccharides had little in common with 
one another. One exception, however, was the case 
of strains ‘Brown’ and ‘Birch’ isolated from 
different sources, but serologically related and con- 
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taining the same sugar residues. Another strain, 
‘Frazer’s Hill’, contained a polysaccharide com- 
posed of hexosamine, glucose and rhamnose, the 
same hexoses as those found in the Sh. flexneri 
specific polysaccharide. 


SUMMARY 


1. Materials having the properties of the ‘0’ 
somatic antigens have been extracted with tri- 
chloroacetic acid from acetone-dried cells of a 
number of strains of Salmonella, Shigella and 
Chromobacterium violaceum. 

2. The antigenic preparations, after purification 
by ethanol precipitation and high-speed centrifug- 
ing, were hydrolysed with dilute acetic acid and the 
specific degraded polysaccharide haptens recovered 
from the solutions by ethanol precipitation after 
removal of the insoluble protein and lipid com- 
ponents. 

3. The sugars present in the polysaccharides 
were identified by chromatographic methods. 

4. In the Salmonella group the number of 
different sugars in the polysaccharides varied from 
four (Salm. montevideo) to eight (Salm. para- 
typhosum A). Galactose and glucose were present in 
all strains examined; mannose was found in fifteen 
of eighteen strains. Polysaccharides recovered 
from organisms in the same ‘0’ group were, with a 
few exceptions, qualitatively the same but quanti- 
tative differences among the component sugars 
were apparent in many cases. 

5. Organisms in the Shigella group all contained 
hexosamine and in addition, either two or three of 
the hexose sugars galactose, glucose and rhamnose. 

6. Chromobacterium violaceum polysaccharides 
showed little in common with one another with the 
exception of one pair of strains. Two heptose sugars 
were present, one of which appeared to be D- 
manno-D-gala-heptose. 

7. Chondrosamine was found in Salmonellas of 
‘0’ group G (Salm. poona and Salm. grumpensis) and 
Sh. alkalescens. An unidentified sugar was en- 
countered in two Salmonella strains, this may be a 
bisdeoxy sugar similar to tyvelose and abequose. 

I wish to thank Brig. F. E. Buckland, R.A.M.C., for 
providing strains of Chromobacterium violaceum. Ultra- 
centrifugal and electrophoretic examinations were kindly 
carried out by Dr B. R. Record and Mr K. A. Cammack. This 
work is published by permission of the Chief Scientist, 
Ministry of Supply. 
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